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ABSTRACT

The spectrum of sunlight reflected by Jupiter is analyzed by comparing observations of Woodman
et al. (1979) with multiple-scattering computations. The analysis yields information on the vertical
cloud structure at several latitudes and on the abundance of CH, and NH; in the atmosphere of Jupiter.

The abundance of CH, is (1.8 = 0.4) x 10~® for [CH,]/[H;], which corresponds to a carbon
abundance 2 + 0.4 times that in the atmosphere of the sun for currently accepted values of the solar
composition. The quoted limits for the abundance include the effects of uncertainties in the cloud
and haze structure. The abundance of NH; is (2.8 = 1.0) x 10~* for [NH;)/[H,] in the region between 1
bar and 3-5 bars, corresponding to a nitrogen abundance 1.5.= 0.5 times that in the atmosphere of
the sun. Thus nitrogen is at least as abundant on Jupiter as on the sun, and it may exceed the
abundance in the solar atmosphere by a factor as great as that for carbon. These abundances suggest
that all ices (and rocks) are overabundant on Jupiter by a factor approximately 2 or more, providing an
important constraint on models for the formation of Jupiter from the primitive solar nebula.

Clouds of mean visible optical depth approximately 10 exist in both belts and zones at a pressure
level of several hundred millibars. The pressure level of the clouds, the gaseous NH; abundance,
the mean temperature profile and the Clausius-Clapeyron relation together suggest that these clouds
are predominantly ammonia crystals and place the cloud bottom at 600-700 mb. Beneath this
‘‘ammonia’’ cloud region is an optically thick cloud layer at 3-5 bars; this cloud may be composed
of H;O. The region between these two cloud layers is relatively transparent. Thus NH,SH clouds,
assumed to be optically thick in all previous multi-layered cloud models for Jupiter, are optically
thin or broken, if they exist.

A diffuse distribution of aerosols (‘‘haze’’) exists between approximately 150 and 400~500 mb, i.e.,
above the main ammonia cloud region. These aerosols are at least 1 um in diameter. The ultraviolet
absorption occurs in both the haze region and the ammonia cloud region. The decreasing absorp-
tion with increasing wavelength is due to an increasing single scattering albedo rather than a decreas-
ing aerosol optical depth as in the ‘“Axel dust”” model. Thus the spectral variation of albedo
reflects a changing bulk absorption coefficient of the material composing the aerosols and is diagnostic
of the aerosol composition.

Ratio spectra of the North Tropical Zone (NTrZ) and North Equatorial Belt (NEB) imply that the
scatterers in the 150-500 mb haze region (which may include ammonia ‘‘cirrus’’) reach to higher
altitudes over the NTrZ than over the NEB. But the tops of the more optically dense main ‘‘cloud’’ layer
appear to reach to higher altitudes over the NEB, implying that the usual picture of the zones as regions
of rising motions and enhanced ammonia cloudiness is too simple. The total optical thickness
of aerosols in the haze and cloud regions is greater in the zone than in the belt, but there is
more ultraviolet-absorbing aerosol in the belt. Ten parameters are needed to describe the vertical distribu-
tion of aerosol properties to satisfy only the spectra of Woodman et al., suggesting that the
atmospheric dynamics and cloud physics on Jupiter are extremely complex.
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1. Introduction

Photographs of Jupiter, such as the high-resolu-
tion images obtained by the Pioneer 10 and 11 flyby
spacecraft, provide remarkable detail on the hori-
zontal structure of the clouds covering the planet.
However, the vertical structure of the clouds and
their composition must still be inferred indirectly.
Current ideas about the clouds of Jupiter are based to
a large extent on theoretical considerations of
cloud formation in an atmosphere in thermochemi-
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cal equilibrium, with refinements based on attempts
to model the spectrum of radiation scattered or
emitted by the planet.

Fig. 1 shows the cloud layers predicted by Lewis
(1969a,b) and Weidenschilling and Lewis (1973) on
the assumption that the chemical composition of
Jupiter is the same as that of the sun. The upper
three cloud layers are NH;, NH,SH and H,O, with
the cloud bottoms at ~0.6, 1.6 and 4.5 bars, respec-
tively, if we employ the current temperature profile
of Orton (1977). Danielson and Tomasko (1969)
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FiG. 1. Cloud profiles for three assumed pressure-temperature profiles for a
solar-composition Jupiter (after Weidenschilling and Lewis, 1973). Temperatures
are nearly the same for all three models. We also illustrate the recent pressure-
temperature profile of Orton (1977), which falls between models A and B.

suggested a two-cloud model for interpreting the ob-
served spectra of Jupiter, with an ammonia cloud
of finite optical thickness at T = 145 K (P = 0.5
bar) and an NH,SH cloud of effectively infinite
optical thickness at T = 210 K (P = 2 bars). With
this model they were able to get consistent abun-
dances for H, from the S(1) quadrupole line at
~6367 A in the 4-0 absorption band and from the
3-0 band at ~8150 A. Danielson and Tomasko recog-
nized that they may have been able to achieve that
same consistency with a one-cloud model, with a
diffuse distribution of scatterers which permit pho-
tons in a weak absorption line such as the S(1) line
in the 4-0 band to penetrate more deeply into the
atmosphere and thus ‘‘see’” a larger amount of gas,
but they rejected such a model on the basis that the
mean free-scattering path (>1 km) would be much
larger than that for terrestrial clouds. The latter
argument is not convincing, particularly since we
now know that the mean free path in the visible
clouds on Venus is several kilometers (Hansen and
Hovenier, 1974; Lacis, 1975).

Since the work of Danielson and Tomasko (1969)
most models used for detailed analysis of observa-
tions have been either a two-cloud model with an
optically thin cloud at a pressure of several hundred
millibars and an optically thick cloud at P = 2 bars
(Axel, 1972; Bergstralh, 1973(a); Hunt, 1973a,b;
Hunt and Bergstralh, 1977), or a diffuse cloud model
with a large mean free photon path, in some cases
with gas above the clouds (Fink and Belton, 1969;
Bergstralh, 1973(a); Teifel, 1976). One significant
modification of the Danielson-Tomasko ‘model
which has proved necessary is the addition of a
UV absorbing haze above the ammonia clouds in

order to match the decreasing albedo of Jupiter into
the ultraviolet (Axel, 1972); this haze is commonly
referred to as ‘“Axel dust’’. _

More recent analyses (e.g., Cochran, 1977; Wal-
lace and Smith, 1977) are still unable to definitively
choose between a two-cloud model or a diffuse
cloud. Wallace and Smith feel that the two-cloud
model of Danielson and Tomasko (1969) should be
rejected on the grounds that (according to Wallace
and Smith) its upper cloud would have to be at a pres-
sure (200—300 mb) which is too low to be identified
with ammonia. However, Wallace and Smith do not
entirely solve the problem of how to obtain con-
sistent abundances from the visible and near-infra-
red methane bands, and they admit the need to also
analyze the H, bands.

Our approach in this paper is to analyze the
principal H,, CH, and NH; bands and to ask what
can be said about the cloud properties from the
criteria that a single model must work for all of
these bands. We do not assume the existence of
any cloud on the basis of thermochemical equi-
librium considerations. We compute the theoretical
spectra with a multiple-scattering method we have
developed (Sato et al., 1977) which permits rapid
computations for an atmosphere of arbitrary vertical
inhomogeneity. Our computations are restricted to
an atmosphere with plane-parallel layers. Although
a large amount of consideration has been given to
the possibility of cloud towers or other small-scale
horizontal inhomogeneities (Squires, 1957; Appleby
and van Blerkom, 1975), we argue that the effect
of horizontal inhomogeneities on the analysis can be
minimized by relying primarily on observations near
the center of the planetary disk.
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In Section 2 we present information about
atmospheric properties required for the modeling
and analysis of observed spectra. Section 3 defines
a hierarchy of models of increasing complexity,
ranging from the simple 1-parameter reflecting-
layer model to the 6-parameter two-cloud model,
we mention the observations used to determine
the best-fitting parameters and include some indica-
tion of why the simplest models prove inadequate,
based on the computations in later sections. Sec-
tions 4-6 contain comparisons of model computa-
tions with H,, CH, and NH; absorption features,
respectively. In Section 7 we examine observations
sensitive to the cloud tops and the aerosols at higher
altitudes; this section includes analysis of ratio
spectra of a belt and a zone to determine differences
of cloud and aerosol properties between these re-
gions. In Section 8 we perform several checks on
our analyses, including tests of certain assumptions
in the computations, e.g., with regard to the phase
function of the cloud particles. The analysis of
several different observations inevitably requires
some back and fourth considerations between differ-
ent sections. In summarizing our conclusions in
Section 9, we try to give some indication of how
firm the different conclusions are, and we emphasize
the significance of the information on gas abundances
with regard to the formation of the planets and the
significance of the cloud and aerosol structure with
regard to atmospheric dynamics.

‘2. Atmospheric properties
a. Gaseous composition and Rayleigh scattering

As a standard case for comparison we initially
use the solar elemental abundances for the at-
mosphere of Jupiter. Table 1 shows this standard
composition, based on abundances of Ross and Aller
(1976) and Lambert (1978). The mean molecular
weight of this mixture is g = 2.3.

The Rayleigh scattering coefficient for a mixture
of gases is given by Eq. (2.25) of Hansen and Travis
(1974). We employ the gaseous refractive indices
given by Allen (1963) and the depolarization factors
given by Penndorf (1957).

TABLE 1. Standard atmospheric composition.

MAKIKO SATO AND JAMES E.

Solar abundance

Ross Standard
Constituent and Aller Lambert fraction
H, 1.00 1.00 0.886
He 1.26 x 10! — 0.112
CH, 8.34 x 10— 9.36 x 10~ 7.86 x 10~*
NH, 1.74 x 10~ 1.95 x 10~ 1.64 x 10~
H,0 1.38 x 1073 1.66 x 1073 1.35 x 1073
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F1G. 2. Temperature profile of Jovian atmosphere employed
in our computations and phase diagram of ammonia. The pres-
sure scales are matched for the standard case (Table 1), in
which the abundance [NH,)/[H,] for Jupiter is taken as being
equal to 2[NJ/[H] in the atmosphere of the sun. This case
leads to the indicated region where ammonia would condense.

The optical thickness due to Rayleigh scattering
is related to the atmospheric pressure by (Hansen
and Travis, 1974)

d'TR Op

dP g’
where g is the acceleration of gravity and o = kz/N
is independent of pressure and temperature. Taking
g = 2322 c¢cm s~?, the Rayleigh optical thickness
above P = 1 bar is 7z = 0.009A7* (1 + 0.01517%)
with A in micrometers. As a convenient reference,
note that for A = 0.55 um this yields 7, =~ 0.10 at
P = 1 bar, which is the same as for the Earth (Han-
sen and Travis, 1974).

1

b. Temperature profile and ammonia condensation

We employ the nominal temperature profile of
Orton (1977), which is shown in Fig. 2. The tempera-

ture at P = 1 bar is 171.2 K.

Fig. 2 includes the phase curve of ammonia,
given by the Clausius-Clapeyron equation

1630

logP = — + 7.122,

@

where P is in bars; the constants in (2) are taken from
the International Critical Tables (1928). The stand-
ard atmospheric composition of Table 1 is used to
relate the two pressure scales, i.e., the ratio of
abundances [NH;)/[H;] on Jupiter is assumed to be
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equal to 2[NV/[H] on the sun. For that composition
ammonia would condense between the indicated
levels. At altitudes where the assumed composition
and temperature imply supersaturation, we reduce
the ammonia abundance to the saturation value
for our model atmosphere computations.

In the stratosphere of Jupiter we take the mixing
ratio of NH; to be constant and equal to its value at
the tropopause. NH; (and CH,) may be further de-
pleted in the stratosphere by photolysis. However,
the amount of gas at these levels is too small to
significantly influence the spectra which we com-
pute, and hence it is' not essential to account for
such depletion.

logP, + A(a -
logP(a) =
logP,

The two constants are determined by the normaliza-
tion of P(«) and by specifying the desired anisotropy
parameter. On the basis of analysis of the linear
polarization, Kawabata and Hansen (1975) conclude
that the particles in the visible Jupiter clouds are
large and nonspherical, suggesting that the phase
function is independent of wavelength and that an
appropriate anisotropy parameter is 0.80-0.85,
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Fi1G. 3. Several phase functions employed for the Jupiter
cloud particles. {(cosa) is- 0.65 for the phase function of
Kawabata and Hansen (1975). 0.65 for the two-term Henyey-
Greenstein phase function of Cochran (1977), and 0.787 and
0.756 at A = 5430 A and A = 1:105 wm for the Mie phase func-
tions of Morozhenko and Yanovitskii (1973).
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c. Cloud particle phase functions

We make most of our computations for a particular

- phase function, and then indicate in Section 8 the

extent to which the results depend on the phase
function. In fact, since we minimize reliance on
observations of the angular distribution of scattered
light, the results for one phase function can be
scaled to apply approximately to another phase
function. The similarity relations depend upon the
anisotropy parameter (cosa), which is the mean
cosine of the scattering angle weighted by the
phase function.

In most of our computations we use the phase
function of Kawabata and Hansen (1979), i.e.,

T

—) for OSaS-E
2 2

- (3)

for Sqas=s

T
— T .
2

including the effects of a diffraction peak. The dif-
fraction peak can be handled by treating the photons
scattered in this peak as being unscattered and
scaling (cosa) and. the single-scattering albedo
@ appropriately (Hansen, 1971). Thus we choose
(cosa) = 0.65 for most of our computations, lead-
ing to A = —1.21 and P, = —0.205. This phase
function is shown in Fig. 3. Other phase functions
employed for the Jupiter clouds are also illustrated
in Fig. 3.

d. Other definitions

The phase function for a mixture of cloud particles

- and gas is

Pla) = (1 = f)Pu(e) + fPx(a), )

where P, and P, are the Rayleigh and cloud particie
phase functions, f'is the fraction of the total scatter-
ing coefficient accounted for by molecular scatter-
ing, i.e.,

kg
ks,él + kR

kp is the Rayleigh scattering coefficient and k., the
cloud particle scattering coefficient. The single-
scattering albedo is

f= , &)

ks,cl + kR ‘;’c

keer + kg + koo + 4,

W =

where k, is the gaseous absorption coefficient,
kq.o the cloud particle absorption coefficient and
@, the single-scattering albedo in the continuum.
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F1G. 4. Reflectivity of the ER observed by
Woodman et al. (1979).

3. Cloud modeis

We consider a wide range of models beginning
with the simplest idealizations, the standard reflect-
ing layer model (RLM) and the homogeneous cloud
model (HCM). Eventually, based on consideration
of observations discussed in Sections 4-7, we are
forced to accept a much more complex model with
three scattering layers: an optically thin haze in the
upper troposphere, an ammonia cloud of finite opti-
cal thickness at a pressure level of several hundred
millibars, and an optically thick cloud at a depth of
several bars.

Our approach is to first analyze spectra of re-
flected solar radiation, ignoring any preconceived
ideas about the cloud structure based on considera-
tions of thermochemical equilibrium, interpretations
of other observations such as thermal infrared
fluxes, or current models for the atmospheric
dynamics. In Sections 8 and 9 we compare the result-
ing model with models for the Jovian clouds sug-
gested by other investigators.

Our analysis is primarily of spectra obtained by
Woodman er al. (1979) for the region 3000 A to
1 um. Fig. 4 shows their observed reflectivity for

the Equatorial Region (ER).! We also analyze their
observations of the North Tropical Zone (NTrZ)
and the North Equatorial Belt (NEB). We use the
observations of strong and weak methane bands,
ammonia bands and continua regions including the
ultraviolet. The only additional data we need is the
equivalent width of the hydrogen quadrupole line,
for which we use the observations discussed in
Section 4. The fact that we are able to rely pri-
marily on a single data set minimizes the effect of
temporal variability on Jupiter, as well as uncertain-
ties that would arise from different seeing condi-
tions, telescope characteristics or fields of view, if
we had to combine several data sets. Prior to the
availability of the Woodman et al. data we did,
in fact, perform a similar analysis using a collection
of different data sets. The model deduced, with an
upper level haze, an ammonia cloud layer and a

! The term Equatorial Region seems more appropriate than
Equatorial Zone, since that region does not have the visual
appearance of either a belt or zone. In addition, the spectra of
Woodman et al. (1979) for the ER are more like the NTrZ than
the NEB for short wavelengths (A < 6000 A), but more like the
NEB than the NTrZ for long wavelengths (A > 6000 A).
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second cloud layer at a depth of several bars, was
basically similar to that which we report here, as
were the abundances of CH, and NH;. However,
with the Woodman ez al. data we are now able to
remove major caveats from that analysis and provide
more precise model parameters.

In all of the cloud models we assume that the
cloud optical depth is independent of wavelength
for the region 3000 A to 1 wm. For this to be suf-
ficiently accurate it is only necessary that the cloud
particles not be smaller than about 1 um. This as-
sumption is not made a priori for the haze layer
introduced in Section 7.

Fig. 5 shows the cloud optical depth above a
given pressure level for several specific cloud
models. We discuss these models briefly in this sec-
tion, beginning with the simplest idealizations, the
RLM (1 parameter) and HCM (2 parameters).

The RLM has an opaque Lambert surface of
reflectivity R, at the cloud-top pressure level
P.. We choose the value of Rq to yield the ob-
served continuum reflectivity at the center of each
zone or belt. An observed equivalent width is then
used to yield the gas abundance above the cloud
for this model. Except for the usually small effect
of Rayleigh scattering, the abundance derived from
the RLM is independent of R, and hence it is
essentially a 1-parameter model.

The HCM has a uniform mixture of cloud particles
and gas molecules. The two parameters are &g
and f%, the ratio of the molecular (Rayleigh) scatter-
ing coefficient to the total scattering coefficient at
some wavelength, which we take to be A = 3650 A
For a specified cloud particle phase function, the
single-scattering albedo is determined from the ob-
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served reflectivity in the continuum. An observed
equivalent width can then be used to obtain the
specific abundance of absorbing gas. An H, line,
with an assumption about the percentage of He
present, yields the Rayleigh fraction f.

Analysis of observations with the simple RIL.M
and HCM yields useful information for guiding con-
struction of more realistic models, even though
neither of these models is consistent with all obser-
vations. The RLM yields grossly inconsistent
methane abundances from weak and strong methane
bands. The HCM does not have this problem but
it is inconsistent with the observed variation of
equivalent widths from the center to the limb of
the planet. As the next step in complexity we
consider two 3-parameter models: the dispersed
cloud model (DCM) and the reflecting scattering
model (RSM).

In the DCM the cloud particles have a scale
height which in general is different from that of the
gaseous atmosphere and is specified by r, the ratio
of the cloud particle scale height to the molecular
scale height. The three parameters describing the
model are thus ry, @, and the ratio of cloud particle
and Rayleigh extinction coefficients at any specified
pressure level. The DCM is a physically plausible
model for a hazy atmosphere; it gives a good repre-
sentation for many remote observations of Venus
(Lacis, 1975).

The RSM is a 3-parameter model which is a com-
bination of the RLM and the HCM. It has pure
gas above the pressure P, and a homogeneous cloud
beneath that level. The parameters are P,, &gy
and fr. The RSM has been considered for Jupiter
by Teifel (1976), Cochran (1977) and Wallace and
Smith (1977).

For the two 3-parameter models, the DCM and
the RSM, the continuum reflectivity and the H, 4-0
equivalent width can be used to determine two of the
three parameters. We can choose as the temporarily
undetermined parameters, ry, the ratio of scale
heights in the DCM, and P, the pressure at the
cloud top in the RSM, in order to achieve the in-
tended fiexibility for each of these models. Thus,
as ry is permitted to vary from 0 to 1, the DCM
varies from the RLM to the HCM; values of ry > 1
are also permissible. Similarly, as P, varies from
some maximum value to zero, the RSM also varies
from the RLM to the HCM, but in a way which is
quite different than for the DCM.

A third independent observation is needed to
specify the third parameter in either the DCM or the
RSM. One procedure we use is to examine the
strength of CH, bands. This introduces the CH,
abundance as another parameter to be determined,
but by using observations in two spectral regions
which differ substantially in the average depth of
photon penetration, it is possible to both establish
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the final cloud model parameter and determine the
methane abundance (for that model).

As an alternative procedure we also use the center-
to-limb variation (CTLYV) of the equivalent width of
an absorption band to specify the third parameter
in these models. This has the advantage of restricting
the analysis to a single spectral region, thus avoid-
ing uncertainties in the spectral variation of the
continuum albedo. A major disadvantage of using
the CTLV is that horizontal inhomogeneities or
thin high aititude hazes may complicate the inter-
pretation; this difficulty is alleviated to some ex-
tent by not relying on observations very near the
limb, thus assuring that the different observations
refer to roughly similar depths in the atmosphere.

We find that neither the DCM nor the RSM pro-
vides an adequate fit to both the observed variation
of CH, equivalent widths with band strength and the
observed CTLV of absorption bands.

As the next stage of complexity we choose the
two-cloud model (TCM). Rationale for this type of
model is provided by observed CTLV’s which sug-
gest gas above a cloud layer and by simultaneous
consideration of observed CH, and NH, equivalent
widths, which suggests the need for a clear space
beneath the upper cloud (Section 5). There are six
basic parameters in the TCM, as indicated in Fig. 6:
P,, P, and P;, which are the pressures at the top and
bottom of the upper cloud and the top of the lower
cloud, @, 74 and R,, which is the refiectivity of the
lower cloud. Two-cloud models have been con-
sidered extensively for Jupiter (e.g., Danielson and
Tomasko, 1969; Axel, 1972; Bergstralh, 1973a;
Hunt, 1973a,b; Cochran, 1977; Wallace and Smith,
1977; West, 1978). The original TCM, that of Daniel-
son and Tomasko (1969), was based on the cloud
structure predicted by Lewis (1969a,b) with a finite
ammonia cloud at several hundred millibars pres-
sure and an optically thick NH,SH cloud at ~2 bars.
The subsequent investigators have employed basi-
cally the same structure, although Wallace and
Smith (1977) question whether the upper cloud
should be identified with ammonia since their anal-
ysis suggests that it occurs at about the 200 mb
level. Most of these investigators, in addition to
fixing the level of one or both of the clouds a priori
have made other assumptions to eliminate model
parameters, for example, by approximating the
upper cloud as an infinitely thin reflecting and trans-
mitting sheet (i.e., without any multiple scattering
or gaseous absorption within the cloud).

In our analysis we initiaily consider all six param-
eters as being unknowns to be determined by
analysis of the observed spectra, particularly from
the strengths of H,, CH, and NH; absorption
lines. The NH; observations are found to indicate
that the upper cloud layer is ammonia, thus permit-
ting specification of the level of the cloud bottom for
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FiG. 6. Schematic illustration of the 6 parameters in our
version of the two-cloud model.

a given NH; abundance. Although ammonia particles
would be practically nonabsorbing at most wave-
Iengths, a significant amount of absorption could be
provided by ‘‘impurities’’. Therefore we consider
the full range of possibilities from @, = 1 to
R; = 1. In order to obtain consistent gas abundances
from observations in different spectral regions, it
is found that a second cloud deck is required at
the 3-5 bar level. On the basis of observations
which are primarily sensitive to the outer skin of the
atmosphere, we also conclude that there is an
optically thin haze above the upper cloud layer.
Models for the haze are discussed in Section 7.

4, Hydrogen guadrupole lines

We consider H, observations first, since we use
them as a barometer for determining pressure levels.
Each of the models described in the previous sec-
tion is capable of providing agreement with the H,
observations at the center of the disk, but this results
in certain constraints on the parameters defining
each model. These constraints are then included in
the computations in the following sections on
methane and ammonia absorption bands.

a. Laboratory data
1) LINE STRENGTHS

The temperature dependence of the strengths of

the v — 0 S(J) quadrupole lines is taken as
exp(—~Ey kT
SuT) = A,y ELERCED)
QAT)

where v and J are vibrational and rotational quantum
numbers. The rotational partition function Q, is
given by

O.T) = Y g,exp[~BJ(J + Dhc/kT).
J

Q)

®

The constants in (7) and (8) are given by Herz-
berg (1950).

Prior to laboratory measurements of the 4-0 §(1)
line strength discussed below, there were two
methods employed to estimate its value. In the first
method, the theoretical expression for the line
strength was used based on the theoretical
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TABLE 2. Hydrogen quadrupole line strengths at 300 K [10~* cm™!(km-am)~'}.

Theoretical Experimental
Wavelength Birnbaum and Poll and Rank et al. Bergstralh Trauger et al.
Line A) Poll (1969) Wolniewicz (1978) (1966) et al. (1978) (1978)

3-0 S(0) 8272.71 34 — — — —
3-0 S(1) 8150.75 13 14.4 13 — 14.1 + 1.4
3-05(2) 8046.64 2.4 — — — —
4-0 5(1) 6367.29 1.6 1.76 0.9 0.88 + 0.32 0.95 + 0.14
quadrupole matrix elements calculated by Birnbaum |, where P, = 1 bar, T, = 273 K, K, = 0.00164 cm™!

and Poll (1969); this yielded the line strength?
1.6 X 107* cm7! (km-am)™' at T = 300 K. Recent
calculations of Poll and Wolniewicz (1978) give a
similar result. In the second method, line strengths
measured by Rank et al. (1966) for the 1-0, 2-0 and
3-0 bands were extrapolated to the 4-0 band; this
yielded a 4-0 line strength of 0.9 x 10~* ¢cm™! (km-
am)~ !, Owen and Mason (1968) tried both of these
values and found that, with their reflecting layer
‘'model, the theoretical value based on Birnbaum
and Poll yielded an H, abundance consistent with
that obtained from the 3-0 line, while the value based
on the measurements of Rank ef al. did not. Owen
_and Mason thus preferred the value 1.6 X 1074 ¢m™!
(km-am)~! for. the 4-0 line strength. Subsequently,
Danielson and Tomasko (1969) and others employed
the same value in their analyses.

Recently Bergstralh et al. (1978) and Trauger
et al. (1978) independently measured the line
strength of the 4-0 S(1) line and obtained S, (297 K)
=0.88 =£0.32 X 107 cm™! (km-am)™! and S,,
X (294 K)=0.95 = 0.14 x 10*cm™~! (km-am)~!, re-
spectively. Table 2 summarizes the different values
for the H, quadrupole line strengths. In our model
atmosphere calculations we take S;,(300 K) = 1.3
x 107% cm™ (km-am)™! and §,,(297 K) = 0.92
X 107* cm™ (km-am)~!. We will show that these
values actually lead to consistent values for the
H., abundance. We also discuss in Section 8 how
our final results depend on the assumed H, line
strength.

2) LINE WIDTHS

Fink and Belton (1969) pointed out that the H,
quadrupole lines are affected by collision narrow-
ing since the pressure broadening of those lines is
extremely small [cf. Dicke (1953) and Galatry (1961)].

We employed the subroutines of Herbert (1974)
to compute the Galatry line shape, using a pressure-
broadening coefficient K = K(P/Po)(Ty/T)**. and
a self-diffusion coefficient D = D(Py/P)(T/Ty)*?,

2 Units involve the amagat (am), a measure of abundance
(moles cm™2 at STP). .

and D, = 1.34 cm? s™! (James, 1969).

The pressure shift predicted by McKellar (1974)
and verified by Bergstralh et al. (1978) is taken into
account, although it was found to have little effect
on the computed equivalent width of the line. The
shift (cm™!) of an H, quadrupole line of the v-0 band
was assumed to be

Av(p,T) = vp(A + BT + CT?), 9

where A = —0.0123, B = +4.78 X 107°, C = —4.78
x 1078, and p is the H, density in amagats.

b. Planetary observations

The observed equivalent widths of H, 3-0 S(J)
lines and the 4-0 S(1) line on Jupiter are summarized
in Table 3. There is substantial spread in the ob-
served equivalent widths for the 3-0 lines, which are
overlapped with water vapor absorption in the ter-
restrial atmosphere. The 4-0 equivalent width
seems reasonably well established at W = (8
+ 1) mA in the ER, with only moderate variations
over the disk. We have averaged the observations
of Cochran et al. (1976) separately for the NEB
and STrZ, obtaining values of 8.3 and 7.3 mA, re-
spectively. The belt-zone difference found by Carle-
ton and Traub (1974) for the NEB and SEZ is
qualitatively similar, but only about half as large
(cf. Table 3). Both the 3-0 and 4-0 lines probably
have significant time variations (Carleton and Traub,
1974; Hunt and Bergstralh, 1977).

¢. Model computations

In our computations we take [He]/[H,] as 0.13,
the same as in the sun’s atmosphere. The uncertainty
of this ratio for Jupiter (Hunten, 1976) is sufficiently
small that it should not substantially limit our con-
clusions. We rely primarily on the 4-0 observa-
tions, because of the wide variations in 3-0 results
from one observer to another and the difficulty in
defining the continuum for the 3-0 line, but we check
our conclusions for consistency with the 3-0 ob-
servations.

In most of our computations for the H, 4-0 band
we employed a reflectivity of 0.71 for the ER (Fig. 4).
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TaBLE 3. Observed equivalent widths of H, quadrupole lines on Jupiter (mA).

3-0
4-0
Observers S(0) S S(1)
Zabriskie (1962) 80
Spinrad and Trafton (1963) 31 28 (ER) 8.0 £2.0
40 (CM)
Beckman (1967) 6.0 2.5
Owen and Mason (1968) 49 + 6 (CM) 8.5 + 1.5 (CM)
Fink and Belton (1969) 45 + 8 71 = 8 (ER) 9 =2
Emerson et al. (1969) 7.8 £1.2
Trafton (1972) 53 + 2 (ER)
Trauger et al. (1973) 8.1 +0.2
Carleton and Traub (1974) 35-50 (SEZ) 8.2 £ 0.2 (SEZ)
8.7 =+ 0.4 (NEB)
8.6 + 0.3 (GRS)
8.5 + 0.5 (ER)
Cochran et al. (1976) 7.3 = 1(STrz)
8.3 + 1 (NEB)
Hunt and Bergstralh (1977) min. 22.4 = 2.9 34.5 £ 5.0 4.5+ 0.7
max. 45.9 = 3.0 62.6 + 2.2 125+ 14

In checking the consistency of the abundance
determined from the 3-0 observations with that from
the 4-0 band, we illustrate results for ER reflectivi-
ties ranging from 0.63 to 0.70 for the continuum at the
3-0 band, because the extent of consistency between
the two bands depends on the relative continuum
levels in the two spectral regions.

For the RLM we obtain an H, abundance of 105
km-am, based on a band strength §,,(297 K) = 0.92
X 107 cm™! (km-am)~! and an assumed equivalent
width W = 8 mA at the disk center. This corre-
sponds to a ‘‘surface’ pressure of P, = 2.7 bars
for the standard composition (Table 1). The value
obtained for P, varies almost linearly with W/S, a
result which can be used to estimate the change
in P for different assumed values of W and S .
The difference in equivalent widths, measured by
Cochran et al. (1976) for the NEB and STrZ, corre-
sponds to AP = 300 mb, with the reflecting level
at a smaller pressure (higher altitude) in the zone.
The largest belt-zone difference measured by
Carleton and Traub (1974), between the NEB and
SEZ, corresponds to AP, =~ 150 mb.

For the HCM we obtain a continuum single-
scattering albedo @, = 0.9931 and a specific
abundance a = 8.8 km-am for the ER with the
Kawabata-Hansen phase function; the mean free
photon path between scatterings by the cloud
particles is g, = 6 km at P = 1 bar. With this
model the zone-belt variations in specific abundance
are as large as 30-40%, with the values in the belits

being larger primarily as a result of lower continuum
reflectivity. With isotropic scattering the resuits for
the ER are @, = 0.98 and a = 25 km-am, based on
use of similarity relations.

For the DCM there is a continuum of models,
differing primarily in the value for the scale height
ratio ry, consistent with the H, 4-0 equivalent width
at the disk center. If, for example, we choose ry
= 15, which gives reasonable agreement with the
CTLYV for 6190 A CH, band (see Section 5), we ob-
tain @, = 0.9934 and 7, = 1 at P = 700 mb for the
ER with the Kawabata-Hansen phase function. For
the RSM there is also a continuum of models fitting
the H, equivalent widths. If we choose P, = 500
mb, we obtain @, = 0.9933 and a4 = 7.2 km-am.
These two models are considered further in the fol-
lowing sections on methane and ammonia absorp-
tion bands.

For the TCM which we are eventually led to,
the H, 4-0 equivalent width serves as a constraint
effectively determining one parameter. As an ex-
ample, we illustrate in Fig. 7 computations for a
particular version of the TCM. In this case P, was
0.63 bars (appropriate for ammonia clouds if NH is
of solar abundance) and the single-scattering albedo
was specified as @, = 1 (also appropriate for an
ammonia cloud); the location of the cloud bottom
and the cloud particle single-scattering albedo are
examined in later sections. R, was chosen to yield
the observed reflectivity (I./F = 0.71) at the disk
center in the continuum near the H, 4-0 line. Results
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T T T T T
Permissible Combinations of 7 and Py
71 in the Two~Cloud Model _ . 7

F1G. 7. The region between the extreme curves specifies the
combinations of P; and 7, in the two-cloud model (TCM)
which yield W = 8.0 = 1.0 mA for the H, 4-0 $(1) line in the ER.
7. must be multiplied by 2 to include the effect of the expected
diffraction peak in the cloud particle phase function. The
results refer to the version of the TCM with conservative scatter-
ing in the upper cloud (&, = 1); absorption in the upper cloud
increases 7. These calculations were for P, = 630 mb, but the
results are not sensitive to the uncertainties in that parameter.
In subsequent calculations each version of the TCM investi-
gated is subjected to the constraint to agree with the observed
H, equivalent width.

~

are shown for two different values of P,—0.15
bars, corresponding to the upper cloud extending
to the tropopause, and 0.5 bars, corresponding to a
relatively thin region of clouds. The remaining two
parameters, 7, and ‘P;, can not both be determined
from the observed equivalent width for the H,
4-0 line, so we are left with a family of acceptable
combinations of 7, and Pj, as illustrated in Fig. 7.
The two closely spaced curves indicate the un-
certainty in the 7, = P, relation due to lack of
knowledge of P,. The spread between the two pairs
of curves is due to the uncertainty in the meas-
ured equivalent width of the 4-0 S(1) line, W = 8.0
+ 1.0 mA. For example, Fig. 7 means that P, must
be at least 1.7 bars, and if we can choose either P,
or 7, from some other observations, that will
essentially determine the remaining parameter. In
fact, based on CH, observations, we find P; =~ 3-5
bars, implying?® that 7, ~ 4.5-6.

As a check, it is useful to see whether the same
model yields ‘agreement with the observed equiva-
lent width of the 3-0 S(1) line. Fig. 8 shows the
3-0 equivalent width as a function of P3, or equiva-
lently as a function of 7. For the case 7, = 0,

8 The computations were made using the Kawabata-Hansen
phase function. Thus, in the probable case that the cloud
particles are larger than the wavelength, we must multiply 7., by
2 to allow for diffraction, implying that the actual cloud optical
thickness is ~10. The equivalent isotropic scattering optical
thickness is ~2.
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which corresponds to the RLM, the 3-0 equivalent
width is indeed larger than most of the observations,
if the H; abundance derived from the 4-0 equivalent
width (Fig. 7) is used; this agrees with a conclusion
of Owen and Mason (1968). However, Fig. 8 also
shows that with the TCM the expected equivalent
widths are in reasonable agreement with the obser-
vations for the cloud optical thickness (5-6) deter-
mined from CH, and NH; observations (cf. follow-
ing sections). As is illustrated, the results depend
significantly on the reflectivity assumed for the
continuum near the H, 3-0 line. Because of the
uncertainty in the continuum albedo and the varia-
tion in the 3-0 equivalent width from one¢ observer
to another, we do not rely on this line for providing
quantitative information on the atmospheric struc-
ture. Part of the variation in measured equivalent
widths may be due to real time variations in the
atmospheric structure. It is thus highly desirable
to have simultaneous measurements of the H,
equivalent widths and the spectral reflectivity.

We examined the effect of the pressure shift of
the H, line (discussed above) on the equivalent
width and line profile. Fig. 9 compares the line
profiles with and without the pressure shift for the
TCM with P, = 500 mb, P, = 630 mb and P; = 5
,bars. The equivalent width is unaffected within
0.2%. A small asymmetry is introduced in the pro-
file, but observations of Jupiter are not sufficiently
accurate to reveal this.

T T T T

Equivalent Width of H, 3-0 S(1) Line
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Fi1G. 8. Equivalent width of 3-0 S(1) line for the combinations
of P, and 7, in the TCM which yield W = 8.0 mA for the
4-0 S(1) line (cf. Fig. 7). Results are shown for two values of
P, (150 and 500 mb) and two values of the continuum reflec-
tivity  (0.63 and 0.70). The terminal point (7, = 0) of the
above curves is the result for the RLM. The curves were
generated from computations for several values of 7, (solid
dots), approximately 7, = 1, 2.5, 4.7 and 6. For the HCM
(not illustrated) W = 63 mA if [/F = 0.}0, while W = 57
mA if I/F = 0.63. The observations are specified in Table 3.
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Finally, we also looked at the center-to-limb
variation (CTLV) of the H, equivalent width in
observations (e.g., Cochran et al., 1976). The ob-
served equivalent width has relatively little sys-
tematic variation except near the limbs where it in-
creases significantly. This is inconsistent with the
HCM, which yields a monotonically decreasing
equivalent width, but all of the other models can
be made to be reasonably consistent with the ob-
servations. We do not rely on the H, CTLV data
to specify model parameters, because measure-
ments simultaneous with the Woodman et al. (1979)
spectra are not available. However, a similar type
of information can be obtained from the CTLV of
CH, bands, which is examined in the following
section.

in summary, the H, observations provide the
capability to establish one parameter in any model
for the vertical atmospheric structure, and the
continuum reflectivity determines a second param-
eter. There is weak evidence from the H, observa-
tions alone that neither the RLM nor the HCM is
appropriate for Jupiter. However, to obtain detailed
information on the atmospheric structure it is neces-
sary to consider the H, data along with other
gbservations.

5, Methane bands

We next consider methane, since it should be in
the gaseous state at the temperatures and pressures
in the Jovian atmosphere and homogeneously
mixed with the bulk of the other gases. The
methane abundance can thus be specified by a single
number, say the ratio of methane and hydrogen
number densities, which can be determined for a
given model by matching an observed CH, equiva-
lent width. Since there are available observations
of both weak and strong methane bands, we expect
to be able to obtain at least one parameter describ-
ing the vertical cloud structure in addition to ob-
taining the methane abundance.

Most investigators have used the strong 3v; band
at 1.1 um and/or the weak visible bands to infer
the CH, abundance. We choose instead to first
examine methane bands of different strength
within the 8500-8900 A region (cf. Fig. 4).
This allows us to 1) use data taken at the same
time and with the same instrument in comparing
bands of different strengths, 2) avoid assump-
tions about how the cloud and aerosol optical
properties may change over a broad spectral
interval, and 3) use a single continuum for
the strong and weak bands, avoiding the major
uncertainty in the definition of the continuum
in the 3v; region. As a result we can precisely
determine model parameters and the methane
abundance. However, we then also verify that
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P, = 5 bars, P, = 700 mb, P, = 150 mb and 7, = 6.0.

the same models which yield a well-defined
methane abundance for the 8500-8900 A region
also solve the problem of obtaining consistent
results from the weak visible and strong 3w
bands.

As a secondary constraint on the models we
examine the CLTV of the methane absorption.
This provides some information about the verti-
cal structure in the cloud-top region, despite
uncertainties about horizontal variations which
surely exist in the cloud structure.

a. Laboratory data

Lutz et al. (1976) measured the strengths of the
methane bands at 4410, 4860, 5430 and 5760 A,
with results shown in their Table 2 and their
Figs. 3-5. These bands are weak and pressure-
independent for column densities up to 1 km-am.

Dick and Fink (1977) obtained laboratory spectra
covering the region from 4200 A to 1.06 wm,
which were used by Fink er al. (1977) with the
Goody random band model to obtain absorption
and pressure coefficients at intervals of 10 A.
They found that for the conditions in the visible
levels of the Jovian atmosphere these can be
used directly without the necessity of line-by-
line integration.

Giver (1978) measured the intensities and pro-
files of the CH, bands in the region 4350 A to
1.06 um with high resolution (0.5-0.6 A). Giver
was able to employ large methane abundances
(20 km-am) and control thermal gradients in the
laboratory apparatus. Thus in the one area in
which the above measurements showed a sig-
nificant difference we employ Giver’s results;
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this is in the 5000 A region where Giver (1978)
and Lutz et al. (1976) are in good agreement but
differ from Dick and Fink (1977). For the
8900 A region, where the above measurements
are in good agreement, we use the absorption
coefficients and pressure coefficients of Fink
et al. (1977); -the band model parameters of
Fink et al. (1977) are used with the k-distribu-
tion method described in Section 6, with five
k values at each wavelength of interest. For the
6190 A CH, band and shorter wavelengths the
absorption was assumed to be a continuum
(cf. Lutz et al., 1976).

For the R-branch of the 3v; band at 1.1 um,
which consists of J-manifolds of blended lines,
we used a Lorentz line shape for each line with
pressure broadening coefficient y, = 0.075 cm™
at T = 295 K and P = 1 atm and with the central
frequencies measured by Maillard et al. (1973).
We took the temperature dependence of the
absorption strength of the J-manifold as

T 3/2
SAT) = SAT) ("T“)

BheJ(J + D/ 1 1
"[ % (7 TJJ. (10)

with B = 5.24 cm™, based on laboratory measure-
ments by Margolis and Fox (1969) and correc-
tions by Bergstralh and Margolis (1971).

b. Planetary observations

We primarily use the observations of Woodman
et al. (1979) taken on 9 November 1976 at
‘phase angle 2°. All three regions they observed
(ER, NEB, NTrZ) were well defined and were
resolved by their entrance aperture of 2.33 arc
seconds by 2.48 arc seconds. Their resolution
was ~8 A for their blue spectra (3000-~6600 A)
and ~16 A for their red spectra (6000-10760 A).
Their red spectra were obtained on the' central
meridian and near both limbs. Their blue spectra
were obtained on the central meridian, near the
west limb and at an intermediate position. They
estimate the absolute uncertainty in their re-
flectivities as 8~10% with much smaller uncer-
tainties in the relative reflectivities.

¢. Atnmiospheric models

We employ the models described in Section 3.
For each model we include the constraint that it
yield the observed equivalent width for the 4-0
S(1) hydrogen quadrupole line (Section 4). We
first compare the model reflectivities with ob-
servations for wavelengths of weak and strong
absorption in the 8900 A CH, band. In order for
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a model to be consistent with both the weak
absorption at 8490 A and the strong absorption
at 8910 A, the resulting curve should pass
through the intersection of the observational
bars in Fig. 10.

Fig. 10a illustrates the results for the simple
models. The RLM cannot yield a consistent methane
abundance; the 8490 A region results in an abun-
dance about a factor of 4 larger than that indicated
by the 8910 A region. This discrepancy in CH,
abundance deduced from strong and weak bands
with the RLM was first pointed out by Lutz et al.
(1976) in reference to the 4860 and 5430 A visible
bands and the 3»; band at 1.1 um. On the other
hand, the HCM is almost in agreement with the
observations, with a methane abundance approxi-
mately a factor of 2 larger than present estimates
for solar composition. The reason the HCM works
is that scattering within the cloud permits a longer.
photon path length for a weaker absorption band.
The resulits for the DCM with ry between 0 and 1 fall
between those for the RLM and HCM. The results
for the RSM also fall between those for the RLM
and HCM, as expected.

Although the HCM is consistent with the ob-
served data in Fig. 10, that model is excluded by
the CTLV of methane absorption as discussed be-
low. The CTLYV requires there to be a few hundred
millibars of gas above the upper cloud, a conclu-
sion which is independent of uncertainties about
horizontal inhomogeneities in the cloud structure.
As a result, none of the simple models is consistent
with the observations.

The results for the simple models suggest how the
vertical structure should be altered in order to ob-
tain consistent abundances from the weak and strong
CH, bands. There must be sufficient scattering at
high levels (above ~1 bar) to prevent photons in the
strong band from ‘‘seeing’’ too much CH,, yet a
substantial number of photons in the weak band
must be allowed to penetrate to relatively great
depths. This places a requirement on the trans-
parency of the atmosphere beneath the level probed
by the strong band. In fact, since the CTLV demands
that there be relatively little scattering in the upper
few hundred millibars the simple models indicate
that the region at depth (beneath ~1 bar) must be
freer of scatterers (compared to the 0.3-1 bar re-
gion) than in a homogeneous model. Thus there are
requirements for 1) substantial scattering some-
where between a few hundred millibars and about
one bar, 2) a clearer region beneath this, and 3)
substantial scattering from some layer beneath the
clear region, in order for the absorption in the
weak band to appear in the reflection spectrum.

We are thus forced to something like the TCM
as the next simplest model to try. We show in
Section 6 that there must be ammonia condensa-
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FIG. 10. Reflectivity at 8490 A (weak band) and 8910 A (strong band). Observations are by Woodman et al. (1979). (a) shows
the simple models. The RLM has P, = 2.7 bars. The HCM has a specific abundance of 8.8 km-am of H,. The DCM
has ry; = ¥4 and r; = %, which result is the 7, = 1 level occurring at P = 680 and 480 mb, respectively. The RSM has
P, = 500 mb and 150 mb which result in specific abundances of 7.0 and 8.2 km-am of H,, respectively. n is the [CHJ/[H,] ratio
in units of 9 x 10~%; thus » = 1 corresponds to current knowledge of C abundance in the solar atmosphere. (b) shows
the results for the TCM for several combinations of the cloud-top levels, P, and P;. In each case the bottom of the upper cloud
is at P, = 630 mb. For P; = 2 bars there are two values of 7., consistent with the observed H, equivalent width (cf. Fig. 7),
thus four cases for the two assumed values of P,. The two cases illustrated for P; = 2 bars are the extreme cases. The
open circle and open square show how a particular point is moved when isotropic and two-term Henyey-Greenstein

phase functions are used (cf. Section 8).

tion in the upper of the two regions in which sub-
stantial scattering is required. Furthermore the
gaseous ammonia abundance deduced from the
ammonia bands accurately specifies the bottom of
the region of ammonia condensation as 630-700 mb.
Therefore in the most straightforward version of the
TCM, which we employ in this section, we place the
bottom of the upper cloud at 630 or 700 mb. We
usually take @&, = 1 in this cloud layer for 6000
< X\ <9000 A. The cloud particles may actually
have a small amount of absorption, and thus in
Section 7 we quantitatively examine the effect of
possible cloud particle absorption.

Fig. 10b shows that both P, and P;, the pres-
sures at the tops of the two cloud layers, affect the
ability of the model to match the observed intensities
in the strong and weak methane bands. However,
P; must be at least 3 bars. This conclusion is
made stronger by the fact the CTLV in the methane
bands indicate that P, is larger than 150 mb, and is
probably in the range 350-550 mb; this range for
P, is confirmed by analysis of ratio spectra in
Section 7.

The above results imply that P is 3—6 bars, which is
substantially larger than in previous models. We
therefore examine this aspect in greater detail. Fig.
11 reveals that we obtain similar constraints on
P; when we examine methane bands of different
strength. This figure also shows that the uncertainty
in the absolute continuum does not basically modify
the results. The variation in /./F which we examined
is larger than the uncertainty stated by Woodman
et al. (1979). 1t is also explicitly indicated in Fig. 11
that 7., changes with P,;. This is in response to
the constraint that each model fit the observed
equivalent width of the hydrogen quadrupole line.
The indicated values of 7., must be muitiplied by 2
to account for diffraction. Therefore our conclu-
sions that P, is ~3~6 bars implies that 7; is about 10.
This value for 7, is an effective optical thickness for
the plane-parallel approximation. In reality there
must be some areas in the ER which have greater
optical thickness and some with smaller 7, such
as to give the transmission computed for a plane-
parallel layer with 7 = 10. Because of the way the
transmission increases with increasing 7, the actual
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area-weighted mean optical depth may be consider-
ably greater than 10.

Before obtaining the observations of Woodman
et al. (1979) we performed analyses similar to those
above, but for the visible and the 3»; bands. Al-
though those data were less well suited for precise
interpretation, for reasons stated at the beginning of
this section, they yielded conclusions basically simi-
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Fic. 11. As in Fig. 10, but comparing a methane band of
intermediate strength (8725 A) with a weak band [(a) and (b)] and a
strong band (c). The sensitivity of the results to the assumed
absolute continuum reflectivity is illustrated in (c).

lar to those above. Since other investigators have
concentrated on the 3v; and visible bands, we show
results for these bands in Fig. 12 for the TCM. This
earlier study also lead to the conclusion that the
lower cloud occurs at about the 5-bar level and
(CH,J/[H,] =~ 0.0018.

It has been suggested to us that P; in our TCM
is so large that pressure broadening of individual
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FiG. 12. Equivalent width of the 5430 A and 3y, methane bands. The computations are for
the TCM with P, = 500 mb, P, = 700 mb and @,, = 1. I./F was taken as 0.7 for 5430 A and
0.6 for the 3»; band. The equivalent width of the 3v; line was integrated over a 5 cm™! inter-
val. The breadth of observational bars indicates either the observer’s quoted error or the

spread for multiple observations.

3v, lines should produce much broader lines than
are observed. Therefore, we computed 3v; line pro-
files, convolved them with the instrumental profile
of Bergstralh (1973) and compared them to his ob-
servations. Fig. 13 illustrates that the model lines
have a width similar to that which is observed.
Finally, we briefly indicate the nature of the CTLV
of the methane absorption for different models,
since this has been a prime diagnostic in many of
the past analyses of Jovian cloud structure. In this
section we graph the CTLV in the manner usually
employed. Because of the slant path for the direc-
tion of incident radiation (8,) and the viewing angle

(6), the CTLYV data are primarily indicative of struc-

ture in the upper parts of the clouds and above the
clouds. Therefore, in Section 7, where we are
specially concerned with the structure in this part
of the atmosphere, we examine the CTLV of methane
absorption in greater depth with a technique employ-
ing the results for all band strengths.

Figs. 14a and 14b show the CTLV of the 6190 A
CH, band, while Figs. 14c and 14d show the CTLV
of the strong 8900 A band. Note that the equivalent
width is illustrated for the 6190 A band and the
intensity relative to the continuum at 8910 A; thus
the observations show that absorption decreases
toward the limb in the weak band and increases
toward the limb in the center of the strong band.
The falloff of absorption toward the limb at 6190 A
is opposite to the behavior for the RLM. However

the observed falloff is not as steep as for the HCM,
suggesting the need for a few hundred millibars
of gas above the top cloud. The TCM is nearly in
agreement with the observed CTLV, provided that
the cloud top is at a sufficient depth (P, = 500 mb).
The fact that the observed points based on Wood-
man et al.’s (1979) blue spectra (open circles) are
systematically higher than the model is not a prob-
lem, since the most appropriate comparison is the
relative CTLV not the absolute value. There is a
very weak suggestion of the need for some scatier-
ing above the 500 mb level. We illustrate the effect
on the CTLYV of a haze layer of optical depth 0.5
at 150-200 mb. If this haze is distributed uniformly
throughout the region 150-500 mb, its optical
depth must be about twice as large to obtain a
comparable effect.

The CTLV in the strong 8900 A band is more
sensitive to the possible need for a high-level
haze layer. The observations have a rather flat
CTLYV, in spite of the strength of the methane
absorption. Fig. 14 shows that this could be produced
by a haze layer at 150-200 mb above a cloud top
at 500 mb, but also by distributing the top cloud with
a scale height about 40% as large as that for the
gaseous atmosphere. A similar result is obtained
with the cloud top at 500 mb and a uniform haze
of optical depth unity between 150 and 500 mb.

The CTLYV depends to a significant- extent on
the shape of the phase function. All of the resuits
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FiG. 13. R(1) line profile of 3v; methane band. Observation'is
from Bergstralh (1973b). Computation is for the TCM with
P, = 500 mb, P, = 700 mb, P; = 5 bars, &, = 1, 7, = 6 and
R; = 0.3. The computed result is shown for infinite resolution
and after being convolved with the instrumental broadening
function given in Fig. 2 of Bergstralh (1973b). The local con-
tinuum for the models is taken as the computed intensity at
Av = 1 cm™! from the line center, which is 95% of the intensity
at Ay = oo,

in Fig. 14 employ the Kawabata-Hansen phase
function for both the clouds and haze. Interpreta-
tion of the observed CTLV is also hampered by
uncertainties in pointing and smearing by atmos-
pheric seeing conditions (cf. Section 7). Therefore,
we do'not attempt here to draw any detailed conclu-
"sions about the structure of the cloud tops and the
haze above it. In Section 7 we make a more thorough
analysis of the problem.

All of the results illustrated in this section are
for the ER. However, the basic conclusions, with

regard to the ability of the simple models and,

‘the TCM to fit the observed spectra and with re-
gard to the methane abundance, apply equally well
to the NTrZ and NEB. The spectra for all three
regions are basically similar, but by analyzing the
ratio of the spectra for different regions it is
possible to extract 'significant information on how
the clouds differ between belts and zones. This is
also done in Section 7.

~ 6. Ammonia bands

Absorption bands of ammonia exist throughout
the spectrum of solar radiation reflected by Jupiter.
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The bands in the ultraviolet, where penetration is
limited by Rayleigh scattering, and in the near infra-
red, where penetration is limited by strong gaseous
absorption, refer to levels where the ammonia
abundance is reduced by condensation (Fig. 1).
However, the 5v, band at 6450 A and the even
weaker band at 5510 A are in regions of the spectrum
where.it should be possible to see to depths beneath
the level of ammonia condensation.

a. Laboratory data and band model

Lutz (1979) measured the absorption coefficient of
the 6450 and 5510 A bands with 2 A resolution,
obtaining total band intensities of 0.63 + 0.03 cm™!
(m-am)~! and 0.096 cm~!' (m-am)~!, respectively,
which we employ in our computations. These are in
good agreement with the measurements of Giver
et al. (1975 and private communication) which
yielded 0.66 + 0.06 cm™ (m-am)~! and 0.08 cm™!
(m-am)~!, respectively. Rank et al. (1966) measured
the H, pressure broadening coefficients for 18 lines
in the 6450 A band, obtaining an average 2y = 0.175
cm~! which we use for all lines in that band. To
compute the equivalent widths of the 6450 and
5510 A NH; bands we use the correlated k-distribu-
tion method of Lacis and Wang (1979). In this

.method the integration over frequency is replaced

by integration over the probability distribution func-
tion F(k) for absorption coefficients, which changes
with pressure and temperature. F(k) is obtained
analytically from measured quantities by employ-
ing the Malkmus band model. This band model
has a distribution of line intensities of the form
(C./S) exp(—S/C,), where C, and C, are constants.
If we let S be the total band intensity, o the mean
line strength, a the abundance of the gas, § = Av/N
the mean line spacing, the average transmission

is given by
- 4 12 )
T = exp{— %y{(-—ﬁa— + 1) - IH , (11
where the effective line strength is
Sp
Av

(cf. Goody, 1964; Malkmus, 1967). For the effective
line width y we use :

k=2 = 12
5 (12)

y =025 _P_(lT"->UZ [em~Y], (13)

Py

based on the pressure broadening coefficient of

- Rank et al. (1966) and a line spacing § = 0.3 cm™!,

where P, = 1barand T, = 273 K. We use this value
of y for both the 6450 and 5510 A bands. How-
ever, both bands are weak, and we have verified that
the equivalent widths are not sensitive to y.
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FIG. 14. CTLV of methane absorption. (a) and (b) are the CTLV of the equivalent width of 6190 A CH, band. (a) shows how the simple
models compare to observations of Woodman ef al. (1979); model parameters are the same as for Fig. 10a. (b) shows the resuits for the
TCM with P, = 700 mb and the methane abundance [CH,]J/[H,] = 1.8 x 1072 for all cases; the haze layer is added above the model
with P; = § bars, P, = 500 mb. (c) and (d) are the limb-darkening relative to the continuum at 8910 A. (c) shows that the CTLV
depends substantially on the level of the upper cloud top; it also shows that a flat CTLYV is obtained if the entire upper cloud (from
700 mb to 150 mb) is a dispersed cloud with scale height about half or less that of the gaseous atmosphere. (d) shows that a haze above

the top cloud can also flatten the CTLV, making it similar to the observations; for this case P, = 700 and P; = S bars.

b. Planetary observations

Several observations of the equivalent widths of
the ammonia bands are compared in Table 4. There
is a substantial spread in the observed values;
tais may partly reflect real-time variability, which is
varticularly likely for an inhomogeneously mixed gas.

The observations are usually reported in terms of
an ammonia abundance for the RLM or the
[CV/[N] ratio obtained by comparison with a nearby
methane band. Woodman er al. (1977) used their

observations of the center of the disk and the RLM
to obtain 34 + 4 m-am from the 5510 A band and
13.1 + 0.7 m-am from the 6450 A band, an incon-
sistency by a factor 2.6. Similar discrepancies are
obtained from the other observations.

Woodman ef al. (1977) compared the 5510 A NH,
band with the 5430 A CH, band obtaining [C)/[N]
= 7.5 = 1.4 and they compared the 6450 A NH,
band with the 6190 A CH, band obtaining [C}/[N]
= 14.9 = 1.6, in both cases under the assumption
that [CH,)/[NH,] = [C)/[N]. Owen (1978, private
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TABLE 4. Measured equivalent widths of 6450 and 5510 A ammonia bands.
w (A)
Position
Observers 6450 A 5510 A on Jupiter Date .
Teifel (1969) 54+24 ER at CM April and May 1968
Avery et al. (1974) 33 +0.6 ER at CM July 1972
4 .
Encrenaz et al. (1974) 8 =1 ER at CM October 1973
Woodman et al. (1977) 7.2+ 0.4 1.7 x02 ER at CM November 1974
. . . and
47 £ 0.4 1.5+ 0.4 % of full CM January 1976
Owen (private communication) 2.1 ER at CM January 1976
1.2 NP at CM
‘ 1.1 SPat CM
2.1 GRS
Woodman et al. (1979) ) 59 +0.7 1.4 +04 ‘ER at CM November 1976
6.3 + 0.7 :
4.7 £ 0.7 1.6 £ 0.4 - NEB at CM
4.5 £ 0.7
3.3 +0.7 0.9 =04 NTrZ at CM
2.8 + 0.7 .
Lutz (1978) 11.3 2.1 ER at CM * February 1977

\

communication) obtained [C)/[N] = 6.6 = 1.0 from
the 5510 and 5430 A bands. Lutz (1978) obtained
{CI/[N] = 7.0 from these same bands, and 9.6
from the 6190 A CH, band and the 6450 A NH; band.
Combes and Encrenaz (1979) obtained [CJ/[N]
= 19 (+13, —7) by comparing the 3v; CH, band at
I.1 um with the NH; band at 1.56 pm. The solar
value of [C)/[N] is ~4.8 (Table 1). ’

T T Y T T T T =T T T
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F1G. 15. Spectrum measured by Woodman et al. (1979) for the
ER of Jupiter. Curve A (Cochran, private communication) is the
continuum employed by Woodman et al. to obtain the value they
reported for the equivalent width of the 6450 A NH, band. The
shaded area is the methane absorption in this region. Thus the
appropriate continuum for this band has the shape of curve C, but
its vertical location is uncertain. Curve B defines the minimum
equivalent width for the bandwidth measured in the laboratory
by Lutz (1979).

c. Atmospheric models

It is important that the observed and modeled
equivalent widths be defined consistently, specifi-
cally with regard to the continuum level. We show
below that if account is taken of the overlap of
methane absorption with the 6450 A ammonia band,
the discrepancy in ammonia abundance between
the 5510 and 6450 A bands largely disappears.

Fig. 15 shows the 6190 A CH, band and 6450 A
NH; band observed by Woodman et al. (1979). The
solid sway-backed curve (A) is the continuum used
by Woodman et al. in their determination of the
equivalent width of the 6450 A NH; band. It is
difficult to choose the continuum for this band a
priori because of methane absorption in the same

-region. But fortunately both the methane and

ammonia absorptions are weak and thus essentially
additive; also the methane absorption is continuous
with an absorption coefficient which has been meas-
ured across the entire ammonia band (cf. Section 5).
We can thus compute the amount of methane
absorption in the region of the NH; band, using
the methane abundance determined in Section 5.
Any of the models which are consistent with both
the weak and strong CH, absorptions yield the
same result for the present purpose; we employed
the TCM. The cross-hatched region. in ‘Fig.. 15
shows the resulting methane absorption in the region
of the ammonia band. The appropriate continuum
for the NH; band is still uncertain, however, be-
cause the continuum used to compute the methane
absorption, the straight line at I/F = 0.73, is some-
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what arbitrary. Thus the dash-dot curve in Fig. 15
gives the appropriate shape for the NH; band
continuum, but can be moved vertically. The smallest
possible equivalent width is that defined by con-
tinuum B, which was chosen such that the width
cf the resulting ammonia band is the same as the
spectral width (190 A) to which the laboratory ab-
sorption parameters apply. However, this equivalent
width is a lower limit, because 1) the ammonia
absorption is probably not identically zero at the
edges of this spectral interval, and 2) although both
bands are weak, they are not strictly additive.

The lower limit for the 6450 A NH, equivalent
width in the spectrum of Woodman et al. (1979)
forthe ER is thus 8.4 A, corresponding to continuum
B in Fig. 15. The upper limit is more subjective;
we use continuum C to define the width of the ob-
servational bar in Fig. 16. The definition of the
continuum for the weaker bands in the 5600—6000 A
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region is straightforward since there is no evidence
of major overlap there.

Fig. 16 compares the observed ammonia equiva-
lent widths with the RLM and TCM. Because
both bands are weak there is little dependence on
cloud model structure, although the TCM is in
slightly better agreement with observations. There
is only a small inconsistency between the abun-
dances determined from the two bands. The ammonia
abundance is specified in Fig. 16 as the ratio [NH,)/
(H,]in units of 1.9 x 107%,sothatn = 1corresponds
to the currently accepted nitrogen abundance in the
atmosphere of the sun (Table 1).

Fig. 16 also illustrates the sensitivity of the derived
NH, abupdance to nonuniform mixing of NH; gas.
If NH, is assumed to be uniformly mixed, as is often
the case for the rough interpretations accompany-
ing reported observations, the value of n obtained
is significantly smaller than that obtained when

w[55104] (cm™
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FiG. 16. Equivalent widths of 5510 and 6450 A ammonia bands for the RLM
and TCM. The observational bars are based on data of Woodman et al. (1979)
with the limits of the 6450 A bar defined by continuum levels B and C in Fig. 15.
Recent observations of Lutz (1979) are also shown. For the TCM P, is 500 mb
and P, varies with ammonia abundance from 630 mb for n = 1 (1.9 x 10~* for
[NH;V/[H,])) to 690 mb for » = 2. The sensitivity of the calculations to un-
certainties of the absolute continuum reflectivity between the two bands is
illustrated. .
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supersaturation is not permitted. On the other hand,
once supersaturation is eliminated further reduc-
tion of the ammonia above the level of condensa-
tion has only a small effect on the equivalent
widths. This is because, with the ammonia abun-
dance limited to the saturation amount, alread
80-90% of the absorption in the 5520 and 6450
bands occurs beneath the ammonia clouds. For the
same reason, the derived ammonia abundance is
relatively insensitive to the value of the cloud-top
pressure P, or the properties of the haze above the
top cloud layer.

The above results indicate that there is a region
of ammonia condensation in the Jovian atmosphere;
n would have to be <1072 to avoid having condensa-
tion (cf. Fig. 2). The level of ammonia condensation
coincides with the region in which  extensive
multiple scattering is required to explain CH, and
H, absorptions (cf. Sections 4 and 5); the CH, and
H, data also indicate the need for a clearer region
beneath this cloud layer, and then a second refiecting
layer at a depth of 3-5 bars. Thus, because of the
location of the upper cloud layer and the proof that
ammonia condensation occurs there, we can identify
the upper cloud as ammonia. As a result of the
temperature in this layer, we can also conclude
that the ammonia particles are in a solid, pre-
sumably crystalline, form. Of course, it is possible
that two cloud materials coexist in this region or that
there is a significant amount of impurities in the
ammonia particles. Therefore, in Section 7 we ex-
plicitly examine the consequences of possible ab-
sorption in the upper cloud region.

There is substantial variation in the observed
ammonia equivalent widths, much of which probably
represents real-time variability. Since most of the
absorption in the 5510 and 6450 A bands occurs
beneath the ammonia cloud layer, the simplest
interpretation would be a change in the trans-
parency of that layer due to change in the cloud
optical thickness, the extent of holes in the cloud or
the amount of cloud particle absorption. It would
be extremely valuable to have complete spectra
with the quality of those of Woodman ez al. (1979)
obtained at several different times but with the same
instrumentation. The ratio of such spectra could be
subjected to the type of analysis described in Sec-
tion 7 to obtain information on the time variation of
cloud and haze properties.

We conclude from the existing data that the NH;
abundanceisn = 1.5 = 0.5, i.e., [NH;)/[H,] = (2.8
+ 1.0) X 107%. This value is the average for the re-
gion from P = 1 bar to P = 3-35 bars. If the second
cloud deck is H,O, the ammonia abundance in the
region between the ammonia and water clouds may
be reduced by solution in the water clouds. Thus
the ammonia abundance in the bulk of the atmosphere
may be somewhat larger than indicated by the
above number.
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7. Cloud-top region and haze structure

In the previous sections we focused on observa-
tions which probe the region of atmospheric pres-
sures from a few hundred millibars to several bars.
In this section we consider observations sensitive
to the level of the cloud tops and the possible pres-
ence of aerosols at higher altitudes. Our objective
is to verify that the structure in these upper levels
does not substantially affect our earlier conclusions,
as well as to obtain information on the atmospheric
structure at the higher altitudes. We employ three
techniques to probe this region: (i) variation of re-
flectivity as a function of the methane absorption -
coefficient, the larger absorption coefficients refer-
ring to higher levels; (ii) center-to-limb variation
(CTLYV) of reflectivity, the values ciose to the limb
referring to higher levels; and (iii) variation of the
reflectivity with wavelength in the ultraviolet, the
shorter wavelengths referring to higher levels as a’
result of. increased Rayleigh scattering and ab-
sorption.

We first examine the red spectra (including the
near infrared) of Woodman et al. (1979) employing
techniques (i) and (ii) in that order. We start with the
reflectivity on the central meridian to minimize the
effect of high-altitude haze and thus permit investi-
gation of the aititude of the cloud tops and to
minimize complications in the interpretation due to
horizontal inhomogeneities. The CTLV of reflectivi-
ties in the red is then studied to place some con-
straints on the properties of the aerosols above the
primary ammonia cloud region.

We next examine the blue spectra (including the

near ultraviolet) of Woodman ez al. (1979) employ-

ing techniques (ii) and (iii). We anticipate that the
blue spectra will be useful for establishing properties
of the high-altitude aerosols, aided by any con-
straints from the red region.

We pay particular attention in both spectral re-
gions to variations between belt and zone regions on
Jupiter, employing the observations by Woodman
et al. (1979) of the NEB and NTrZ, which were
relatively well-defined regions at the time of the ob-
servations. By examining the ratio of these spectra
we anticipate that it may be possible.to deduce
how key cloud and aerosol parameters differ be-
tween the two regions, even though the spectra are
basically very similar.

a. Red spectra

We first examine the reflectivity in the NTrZ as a
function of the methane absorption coefficient to
verify that we have appropriate TCM parameters for
that region. As described in Sections 4-6, with the
assumption that @, = 1 the model parameters
Ta, R and P, are determined from 1) the reflectivity .
in the continuum (k — 0), 2) the hydrogen quadrupole
line strength (equivalent to requiring the reflectivity
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to fit at wavelengths of weak methane absorption,
if the methane abundance is fixed), and 3) the
reflectivity in a strong methane band (i.e., from a
comparison such as in Fig. 10). The solid curve in
Fig. 17 shows that the TCM parameters estimated
for the NTrZ in this way provide good agreement
with the observed reflectivity through the complete
spectrum of methane absorption coefficients.

Fig. 17 also illustrates that even if all of the
continuum absorption is placed in the ammonia
cloud layer (R, = 1), the TCM fits the observations
well. In the extreme model shown P; = 2.5 bars,
Ta = 6.5 and &y = 0.989. A continuous spectrum
of TCM’s fits the methane absorption spectrum
corresponding to R; varying from 0.7 to 1. As R; in-
creases through this range P; decreases from 4-5
bars to ~2.5 bars.

The ratio of the NTrZ and NEB reflectivities,
which we abbreviate as NTrZ/NEB, has features at
wavelengths of methane and ammonia absorption
bands (Fig. 18). These features must be related to
differences in cloud structure between the NTrZ
and NEB, and they provide the basis for a technique
to analyze those differences. Fig. 19 shows the ratio
of reflectivities plotted as a function of methane
absorption coefficient. The NTrZ is 6-8% brighter
than the NEB in the continuum, and for small to
intermediate values of kK NTrZ/NEB increases with
increasing k. However, for large & the ratio de-
creases sharply.

In order to analyze the information in NTrZ/NEB
we calculate the theoretical dependence of the ratio
on cloud-model parameters. In the computations
illustrated in Fig. 19 the haze properties are kept
fixed (with 7, = 0.5, @, = 1 and the particles uni-
formly distributed through the region 150-200 mb),
but we later examine the effect of the haze. We first
investigate whether the observed NTrZ/NEB can
be reproduced by changing only one mode!l param-
eter. The magnitude of the parameter change is
chosen to be that which yields the observed re-
flectivity in the continuum. Thus changing 7.
from 6 in the NTrZ to 1.5 in the NEB gives the cor-
rect continpum reflectivity, but NTrZ/NEB in-
creases far too rapidly with increasing £ (Fig. 19a).
On the other hand, if the lower continuum refiec-
tivity in the NEB is achieved by adding absorp-
tion in either the ammonia cloud region (by decreas-
ing @) or at the lower cloud (by decreasing R;) the
computed reflectivity ratio decreases monotonically
with increasing & (Fig. 19a). Changes in other cloud
parameters, such as P, alone, cannot even yield the
observed continuum reflectivity in the NEB.

The results for one-parameter changes suggest as
the next step in complexity decreasing 7. in the
NEB, while at the same time decreasing either R,
or @y. The curves in Fig. 19b which are not labeled
with P, values are the case when just 7, and
@, are changed; a satisfactory fit to the observations
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F1G. 17. Reflectivity of NTrZ in the red spectra of Woodman
et al. (1979) as a function of the methane absorption coefficient
of Giver et al. (1978); solid dots are points from 6750 A-1pm
wavelength region, while open circles are from 6000-6750 A.
The model calculations employ the TCM with P; = 500 mb,
P, = 630 mb and a conservatively scattering haze uniformly
distributed between 150 and 200 mb with 7, = 0.5.

is still not achieved. Changing 7, and R; simul-
taneously (Fig. 19d) did not produce a better fit,
aresult which could be anticipated from the flat ratio
of reflectivities at large £ when R alone is changed.
The obvious cloud-parameter change capable of
producing the rapid decrease of NTrZ/NEB at
large & is to have the cloud top higher in the belt
(P, smaller). This is illustrated in Fig. 19b which

includes three cases with higher cloud tops in the

belt. There may in reality be several differences be-
tween the NEB and the NTrZ, but we have not
found any straightforward way to reproduce the
rapid falloff at large k except with a smaller P,
over the NEB. However, there is additional scatter-
ing material above the P, level; this also seems to
be distributed differently over the NEB than over the
NTrZ, in a way which is discussed in the following
subsection. The scattering material in this ‘*haze’’
region may include thin ‘‘cirrus’’ clouds (i.e.,
7 ~ 1-2) and localized clouds of greater optical
thickness.

We also investigate the sensitivity of NTrZ/NEB
to the location of the continuum absorption. The
extreme case R; = 1, in which all of the absorption
occurs in the upper cloud, is shown in Fig. 19c.
The observed behavior of NTrZ/NEB as a function
of k can be obtained in this case by having both
Tq and @, smaller in the belt than in the zone. Again,
however it is also necessary for P, to be smaller in
the belt.

The other extreme case, with &, = 1 in both
NTrZ and NEB so that all absorption occurs at the
lower cloud, is shown in Fig. 19d. This also has the
basic features in the observations if P, is smaller
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F16. 19. Ratio of intensity NTrZ/NEB on the central meridian as a function of methane absorption coefficient k. Values of k are
taken from Giver (1978) at wavelengths 6000—10 000 A and the corresponding values of NTrZ/NEB from Woodman er al. (1979).
The theoretical curves are obtained by making computations for the NTrZ with a given set of model parameters and then changing
selected parameters for the NEB calculations. All models have a haze layer at 150-200 mb with r, = 0.5 and @, = 1, and a cloud

bottom at P, = 630 mb. The top of the upper cloud is at 500 mb un

2.5 bars in (c).

in the NEB than in the NTrZ. The fit to observa-
tions at intermediate values of k£ can be improved
by ailowing a small amount of absorption to occur in
the upper cloud region rather than at R;, at least
in the belt, as illustrated in Fig. 19b. However, we
do not believe that much significance can be at-
tached to such fine tuning. ‘

The information on cloud structure obtained from
the ratio of reflectivities NTrZ/NEB can be sum-
marized as follows:

1} The only cloud-model parameter (for the
TCM constrained as described in Sections 4-6)
capable of producing the observed rapid decrease
of NTrZ/NEB at large k is P,, implying that the
cloud top is at a level of smaller pressures in the
NEB than in the NTrZ.

2) There is a continuous range of models in
which R,, 74 and @ can be adjusted to give the
observed behavior of NTrZ/NEB in the continuum
and at small values of k. The uncertainty in R;,

less indicated otherwise. Py is 4 bars in parts (a), (b) and (d), and

which may be anywhere in the range ~0.7-1.0,
implies a corresponding range of possible values
for P, from ~6 bars to ~2.5 bars. There is weak
evidence in the observations against either extreme
case, which would suggest P; ~ 3-5 bars.

We next examine the Woodman et al. (1979)
observations of the ratio of the reflectivity near
the west limb to the reflectivity at the central me-
ridian, which we abbreviate as WL/CM. These
data are primarily useful for characterizing the high-
level haze whose existence is indicated by both
the CTLYV of the reflectivity in the methane bands
(Section 6) and in the ultraviolet. Two basic param-
eters are needed to define the haze, 7, and @, in
addition to the vertical distribution. We cannot
determine all of these from the WL/CM in the red,
but we can put some limits on 7, and @, for any
assumed vertical distribution of haze. We will then
employ these constraints when we analyze the
blue spectra.
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F1G. 20. Ratio of the intensities near the west limb (#/R = 0.9)
and at the central meridian in the NTrZ as a function of methane
absorption coefficient in the range 6000-10 000 A. Theoretical
results in (a) are for no haze (r, = 0), for Axel dust (@, = 0) with
7 = Ys, and for @, = 0.5, 7, = Y%. Theoretical results in (b)-
(e) are all for scattering aerosols (&, = 1), but different vertical
distributions; r, is the ratio of haze scale height to gas scale height.
In all cases P, = 500 mb, P, = 650 mb, P; = 4 bars and @, = 1.
In (b)-(e) R;=0.7 and 7, + 7, = 6.5. In (a) Ry = 0.7 and
Ta = 6.5 for the case of 'no haze, but 7, = 8.5 and R, = 0.86
for the case of haze with @, = 0 or 0.5.

/

Fig. 20 contains the observations of WL/CM
in the red in the NTrZ, plotted as a function of k.
The model comparisons include the extreme cases
of Axel dust (o = 0) and a conservatively scattering
haze (& = 1). Axel dust is inconsistent with the
observations, as shown in Fig. 20a; it produces a
much larger limb-darkening than observed at large
k. Scattering aerosols, on the other hand, are con-
sistent with the observations for some optical thick-
ness which depends upon the assumed vertical
distribution (Figs. 20b—20e). The observed WL/CM
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is similar for the NEB (not illustrated), and thus

basically similar constraints on @ and 7 are ob-
tained for that region.

Several caveats must be attached to interpreta-
tion of the WL/CM observations: knowledge of
pointing direction is uncertain by about ! arc second
(Cochran, private communication), the observed
results are sensitive to atmospheric seeing condi-
tions and spreading due to the finite aperture size,
and the computations depend on the assumed phase
function and possible horizontal atmospheric
inhomogeneities. Therefore, we draw only very
gross conclusions: 1) in the red the high-altitude
haze is considerably closerto® = 1thanto & = 0.5
and 2) for a specified vertical distribution of haze
and specified P,, an estimate of the haze optical
thickness can be obtained which should be accurate
within about a factor of 2 (Fig. 20).

b. Blue spectra

The decreasing reflectivity of Jupiter from the
visible to the ultraviolet (Figs. 4 and 17) was the
basis for Axel’s (1972) suggestion of absorbing
aerosols in the upper atmosphere of Jupiter. Axel
assumed that the particles were smaller than the
wavelength in the ultraviolet and that their optical
properties were thus approximated by @ = 0 and
7 o A7, He believed that the spectral reflectivity of
Jupiter was consistent with these properties.

We begin analysis of the blue spectra of Woodman
et al. (1979) by considering the extreme case of
Axel dust and the opposite extreme which we term
‘‘scattering aerosols’’. The scattering aerosols are
assumed to be larger than the wavelength so that
their optical thickness can be approximated as inde-
pendent of wavelength in the blue and red spectra;
it is assumed that the ultraviolet absorption is
due to deviations of @, from unity.

The requirement to reproduce the observed blue
spectra specifies 7,(\) in the case of Axel dust or
@p(\) in the case of scattering aerosols provided that
the vertical distribution of the haze is known. The
upper part of Fig. 21 shows the optical thickness of
Axel dust needed to produce the observed reflec-
tivity of the NTrZ on the CM, for several assumed
vertical distributions of this haze layer. The lower
part of the figure shows the single-scattering
albedorequired for scattering aerosols. For the NEB
the results are qualitatively similar, with 7,(\) for
Axel dust somewhat larger or @,(\) for scattering
aerosols smalier than in the NTrZ.

The required 7,(A\) for Axel dust is self-contra-
dictory with the basic assumptions of that model,
which require 7, « A, It was shown above that
Axel dust is also inconsistent with the observed
CTLV in the red spectra. Because the discrepancies
with observations are so large, it can be concluded
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that Axel dust or a similar model (i.e., @ < 1) is
not responsible for the continuum absorption on
Supiter.

The required @,(\) for scattering acrosols is physi-
cally plausible and consistent with the basic assump-
tion of large particle size. The expression

- 1 1
ba(h) = = 1 + 10-84+17

1 + 74/7

fits the observed reflectivity of the NTrZ CM
within a few percent for 3000 < X\ < 6350 A, for
the case of a uniform distribution of scatterers with
7, = 1.5 between 150 and 650 mb. A different verti-
cal distribution for the scatterers modifies @, as
snown in Fig. 21, but would have little affect on
the relative wavelength dependence of the absorp-
tion optical thickness 7,. Similarly, @, is larger
than given by (14) if the particles are large enough
to produce diffraction, but this has little affect on
the relative wavelength dependence of 7.

The single-scattering albedo @(A) can be con-
verted to the absorption coefficient of the material
composing the aerosols, if an aerosol size is as-
sumed. Table 5 shows the results of such a compu-
tation for the approximation of spherical particles.
Particularly since the absorption may be due to an
impurity (minor constituent) in the scatterers, the
absolute value of k is less significant than the rela-
tive wavelength dependence. However, the latter
may be useful for helping to identify the composi-

(14)

MODELS FOR UV ABSORPTION
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‘Axel Dust’
ol
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F16. 21. Optical thickness of Axel dust (@, = 0) and single-
scattering albedo of scattering aerosols [7;(A) = constant] re-
quired to yield the reflectivity observed by Woodman et al. (1979)
for the central meridian of the NTrZ. Results depend on the
vertical distribution of the haze as indicated. In all cases the
cloud structure was specified as P, = 500 mb, P, = 650 mb,
P3 = 4 bars, @, = 1 and 7, such that 7, + 7, = 6.5.
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TABLE 5. Aerosol absorption coefficient & (cm™) required to
produce the observed reflectivity in the NTrZ. k = 47n;/\ where
n; is the imaginary part of the refractive index. Aerosols are
approximated as spheres uniformly distributed between 150 and
650 mb.

Aerosol Wavelength (A)
radius
(um) 3000 4000 5000 6000
0.3 30000 6000 1500 300
1.0 9000 1500 300 60
10.0 1500 200 30 10

tion of the absorber. For example, hydrazine
(Strobel, 1973) is not consistent with the k(\) in
Table S but some hydrocarbons (Scattergood and
Owen, 1977) have approximately the required rela-
tive wavelength dependence for k. A careful com-
parison with the absorption coefficients of these
and other candidate constituents, e.g., sulfur,
phosphorus, NH,SH, HgS and PO; (Prinn and
Owen, 1976), would perhaps be worthwhile.

Finally, we explore the vertical distribution of the
aerosols and the UV absorption. In doing so we
describe the interval ~400-650 mb as the ammonia
cloud region and the less optically dense interval
~150-400 mb as the haze region. It should be
noted, however, that the haze region may include
ammonia ‘‘cirrus’’ clouds (7 ~ 1-2) and localized
thicker clouds, and it will be shown that the am-
monia cloud region includes material other than
ammonia to provide required absorption.

The UV absorption must occur in both the am-
monia cloud region and in the haze region, as
demonstrated by comparison of several extreme
models with the observed CTLYV in the blue specira
(Fig. 22). If there were no absorption in the haze
region, the WL/CM reflectivity ratio would be sig-
nificantly larger than observed. This is shown by the
case ‘‘no aerosols above 500 mb’’ in Fig. 22;
addition of conservatively scattering aerosols in this
region would make the discrepancy with observa-
tions larger. On the other hand, if all the absorp-
tion is placed in the 150-200 mb region, or even
150-500 mb, the WL/CM ratio has more limb-
darkening than observed. Thus a substantial amount
of absorption must occur in the main cloud region
at depths =500 mb. Since ammonia does not pro-
vide the required absorption, this region must in-
clude some constituent other than ammonia.

Figs. 22 and 23 also suggest that the haze is con-
centrated higher in the atmosphere in the NTrZ
than it is in the NEB. In Fig. 23 we have plotted
the ratio of reflectivities, NEB/NTrZ. This graph
makes clear the difference in behavior of the belt
and zone toward the shortest wavelengths. An
increase of NEB/NTrZ toward 3000 A can be ob-
tained in the model if the scattering aerosols are
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FiG. 22. Limb-darkening in the blue spectra of NTrZ. The near
west limb (NWL) position is at /R = 0.70. Observations are by
Woodman et al. (1979). Computations are for different vertical
distributions of scattering aerosols with the @x()) (Fig. 21) re-
quired to give the observed intensity at the central meridian (CM).
In all models the clouds were specified by P, = 500 mb, P, = 650
mb, P; = 4 bars, @, = 1,R; = 0.7 and r, such that 7, + 1, = 6.5.

lower in the belt than in the zone, so that there is
more Rayleigh scattering over the belt. If the haze is
uniformly distributed between 150 and 650 mb in the
NTrZ, it must be located mainly within the ammonia
cloud region in the NEB to yield the observed in-
crease of NEB/NTrZ toward 3000 A. The same quali-
tative conclusions are obtained for other assumed
aerosol distributions in the NTrZ. The resulting aerosol
distributions in the NEB have a relatively small
optical depth in the region 150~400 mb.

The four primary conclusions indicated by the
calculations in this section are as follows:

1) The aerosols above the ammonia cloud region
are scattering aerosols (size =\, @ = 1), not Axel
dust (size <A, @ ~ 0); their decreasing affect on the

Jovian albedo with increasing wavelength is due to

an increasing @, rather than a decreasing 7,, and
thus it reflects a changing bulk absorption coefficient
of the material composing the aerosols. -

2) The UV absorption occurs in both the ‘‘haze”’
region (i.e., between 150 mb and 400~500 mb) and
the denser ‘‘cloud’’ region just below. '

3) The vertical distribution of the scatterers in the
“*haze”’ region is weighted toward higher aititudes in
the NTrZ than in the NEB.

4) Top of the dense lower ‘‘cloud’’ layer is higher
in the NEB than in the NTrZ.

These conclusions need to be carefully.qualiﬁed’.
For example, the definition of cloud top’is rather
arbitrary. It is more rigorous to define the regions
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in terms of their optical density, as we do in the
discussion in Section 9, since the ‘‘haze’ region
may include thin ‘‘cirrus’ and thicker localized
ciouds, and the *‘cloud’’ region must include an ab-
sorbing material in addition to ammonia.

8. Miscellaneous checks

In this section we examine the compatibility of
two specific three-cloud models proposed for Jupiter
with the observations of Woodman et al. (1979),
the effect of uncertainty in the hydrogen quadru-
pole line strength on information inferred from the
analyses in earlier sections of the paper, the con-
sistency of our model with observed belt/zone
differences in hydrogen quadrupole line strength,
and the sensitivity of our conclusions to the as-
sumed aerosol and cloud particle phase functions.
Earlier in the paper we included other checks on
our analysis, for example, by examining the equiva-
lent width and line width of methane absorp-
tion in the 3v, region (Section 6).

a. Three-cloud models

In the two-cloud model (TCM) which we derived,
the second cloud layer is at a depth (3-5 bars)
significantly greater than in other TCM’s for Jupiter.
A prime aspect of this conclusion is that it ap-
parently excludes the thick NH,SH cloud layer
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Fi1G. 23. Reflectivity ratio NEB/NTrZ on the central meridian
for the 3000-6000 A. Observations are by Woodman ez al. (1979).
Models show the effect of the haze vertical distribution for the
case in which @,(A) is the same for the NTrZ and NEB; @,(\) is
derived from the NTrZ refiectivity as shown in Fig. 21. The haze
is uniformly distributed in the indicated intervals with the optical
depths shown. The results for a case in which the haze was dis-
tributed with scale height ratio r; = %4 and 7, = 2.25 in the NEB
and ry = 1 and 7, = 1.5 in the NTrZ (P, = 150-650 mb in both
regions) were indistinguishable from the dash-dot curve. Cloud
model parameters in all cases were P, = 650 mb, P, = 4 bars,
R; = 0.7 for both the NTrZ and NEB, P, = 500 mb, &, = 1,
7 + = 6.5 for the NTrZ, and P, = 350 mb, @, = 0.99 and
T + 7 = 5.3 for the NEB.
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predicted by Weidenschilling and Lewis (1973) for
the 1.5-2.0 bar region.

The vertical resolution of the remote sensing
technique we have employed is very coarse for
depths =1 bar. Thus the existence of an NH,SH
cloud may be consistent with the observations if
the cloud layer is sufficiently transparent. To
quantitatively investigate that possibility we made
computations for a three-cloud model with the upper
cloud between 500 and 630 mb, the second cloud
between 1.4 and 1.6 bars, and the top of the dense
lowest cloud at 4 bars. The location of the bottom
of the second cloud is based on the NH,SH abun-
dance predicted by Weidenschilling and Lewis
(1973) and the temperature profile of Orton (1977).
We first take the optical thicknesses of the two
upper clouds as being equal and assume conserva-
tive scattering in both layers. This requires 7, = 7,
= 3.5 in order to yield the observed hydrogen
guadrupole equivalent width. Fig. 24a shows that
this model is not quite consistent with both strong
and weak methane bands, since it yields an
abundance n = 1.7 for the strong band and n = 2.3
for the weak band. If the NH,SH cloud is taken-as
optically thicker than the NH; cloud, as indicated
by the thermochemical equilibrium model, the re-
sult becomes considerably worse. However, con-
sistency with the observations can be achieved
by making the NH,SH cloud optically thin. If the
continuum absorption is placed in the NH,SH cloud
layer rather than in the lowest cloud, the extreme
transparency requirement on the NH,SH layer is
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(o] 1
@ 4
B 010t auy
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partially alleviated. The required transparency may
be obtained either by extensive holes in the clouds,
or by a uniformly thin cloud deck.

We also investigated the three-cloud model of
Terrile and Taylor (Terrile and Westphal, 1977;
Terrile, Taylor and Beer, 1978). Based on observa-
tions at 5 wm they find evidence for cloud layers at
temperatures <190, ~230 and ~300 K. Fig. 24b
indicates that we can readily achieve consistency
with their three-cloud model by choosing appropri-
ate thicknesses for the upper two clouds.

The evidence for three emission temperatures at
5 wm does not support the three-cloud model of
Weidenschilling and Lewis (1973). The ~230 K
temperature of the second layer is too hot for
NH,SH clouds. On the contrary, the 5 um observa-
tions are in agreement with our analysis which
indicates a relatively transparent atmosphere be-
tween ~1 and ~3-35 bars. The temperatures 230
and 300 K correspond to P = 2.5 and 6 bars, based
on the temperature profile of Orton (1977). Assum-
ing that there are clouds at these two levels, we
would expect our TCM to yield an intermediate
pressure for the lower surface in order to provide
an equivalent optical path for the H, 4-0 line. Thus
our result P; = 3-5 bars is in good agreement with
the 5 um observations.

One significant difference between our TCM
and the conclusions of Terrile and Westphal (1977)
is that we find clouds in the ammonia cloud region
(P < 1 bar) over both the NTrZ and NEB, while
Terrile concludes that they only exist over the zones.
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FiG. 24. Reflectivity at 8490 and 8910 A. Observations are by Woodman ez al. (1979). Calculations
are for two three-cloud models. (a) is for the upper three clouds of Weidenschilling and Lewis (1973)
assuming the temperature profile of Orton (1977), thus the clouds are at 500-630 mb, 1.4-1.6 bars and
4 bars. For (b) the cloud levels are 500—-630 mb, 2.5-3.0 bars and 6 bars, the latter two cloud levels
being based on the S um temperatures of Terrile et al. (1978) and the temperature profile of Orton (1977).
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Although the visual appearance of the white zones
and darker belts is qualitatively suggestive of Ter-
rile’s model, it is not possible to reconcile the re-
flection spectra of solar radiation with the absence
of the upper cloud layer over the belts. Our results
do suggest that the cloud layer above the 1-bar
level is more transparent over the NEB than over
the NTrZ, which may be due to a smaller optical
thickness or a greater area of holes in the upper
cloud layer of the belt. Of course the cloud
opacities may be much different at S um than in
the visible, partlcularly if the cloud particle size
is <5 pm.

b. Hydrogen quadrupole line strength

The hydrogen quadrupole line strength S,,(297
K) = 0.92 x 10~* was employed in most of our
computations, based on laboratory measurements
of Bergstralh et al. (1978) and Trauger ef al. (1978).
However, theoretical calculations (Poll and Wolnie-
wicz, 1978) yield a value almost twice as large (cf.
Section 4). If it turns out that this theoretical value
is correct, the value which we obtained for the pres-
sure at the lower cloud (P;) and the abundances of
CH, and NH; relative to H, must be modified.
P; would be reduced by almost a factor of 2, to the
range 1.5-3 bars. The abundances of CH, and
NH;, which are determined most reliably by the
weak bands, would be increased by almost a factor
of 2. Other more minor adjustments in the model
would also be necessary; for example, P, would need
to be somewhat smaller or the haze above the
ammonia cloud would need to be thicker to prevent

" the strong methane bands from being deeper than
observed.

The H, 3-0 S(1) line provides a useful check on
the 4-0 line. The results for the 3-0 line (Fig. 8) sug-
gest that the laboratory values for the 4-0 line
strength should not be increased by more than
25-50%. However, because the hydrogen lines
serve as a barometer for determining pressure levels
and relative gaseous abundances, it is important that
the discrepancy between the laboratory and
theoretical values of the 4-0 line strength be
fully resolved.

c. Belt/zone differences in H, equivalent widths.

Observations of Jupiter have revealed systematic
differences in H, 4-0 equivalent width (EW) between
the belts and zones (Table 3). Cochran et al. (1976)
‘found the EW to be about 12% larger in the NEB
than in the STrZ and Carleton and Traub (1974)
found the EW about 6% larger in the NEB than in the
SEZ. We computed this EW for our TCM with
parameters obtained earlier (P, = 350 mb and 7
=~ 5 for the NEB, P, = 500 mb and 7, = 6 for the
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NTrZ). The result obtained was 6% larger for the
NEB. A larger difference between the belt and zone
could be obtained by making the upper cloud rela-
tively more transparent in the belt, i.e., 7. smaller,
or conversely, making 7, larger in the zone.

This agreement in the nature of the belt/zone
difference for the observations and model can be
understood from Fig. 19, since the H, 4-0 line is
analogous to weak methane absorption. The larger
EW for the belt occurs (in the model, at least) be-
cause the ammonia cloud region is slightly more
transparent in the belt. The difference in EW for
the two regions would be much larger than ob-
served if there were no ammonia cloud layer over
the belt.

d. Cloud particle phase function

In most of our computations we employed the
Kawabata-Hansen phase function (Fig. 3) for the
cloud particles and haze particles. In order to verify
that our basic conclusions are independent of the
phase function, we repeated several computations
with two different phase functions: (i) isotropic
scattering, and (ii) a two-term Henyey-Greenstein
phase function with anisotropy parameters (cosa)
of 0.80 and 0.65 with 94% weight to the former,
which are the parameters obtained by Tomasko
et al. (1978) from analysis of Pioneer 10 limb-
darkening observations. Isotropic scattering pro-
vides an extreme simplified case, while the
Henyey-Greenstein case serves to test the effect of a
backscattering lobe on the phase function.

Computations for the H, 4-0 line were made with
these phase functions. It was found that =, = 2.4
for isotropic scattering and 7., = 5.2 for the Henyey-
Greenstein phase function were required to yield an
equivalent width of 8 mA.* 7, = 6 is needed for
the Kawabata-Hansen phase function ({cosa)
= 0.65) and thus the similarity scaling factor (1
— (cosa)) would yield estimates of =, = 2.1 and
7.1 for these two cases. Analysis of methane
equivalent widths was repeated with the different
phase functions. An example of the results is shown
in Fig. 10b, where an open circle and open square
are used to show how a particular point computed
with the Kawabata-Hansen phase function is moved
when the other phase functions are empldyed. In
general, the effects are too small to affect.our conclu-
sions about the location of the deeper cloud or
the CH, and NH, abundances.

On the other hand, observations which probe the
skin of the atmosphere, such as those analyzed in
Section 7, are more sensitive to the shape of the
phase function (Tomasko et al., 1978; Hansen,

4 Other parameters were I./F = 0.71, P, = 500 mb, P, = 630
mb, P; = Sbars, @y = 1 and 7, = 0.
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1969). Therefore, the conclusions derived in Sec-
tion 7 with regard to the vertical structure of the
haze and cloud tops are subject to possible modi-
fication if the actual phase function is much
different from the one employed, or if it differs
greatly between the NTrZ and NEB.

8. Summary and discussion

In this section we summarize the information
deduced on atmospheric composition and cloud
structure, briefly discuss possible cosmogonical
implications of the atmospheric composition and
dynamical implications of the cloud and aerosol
structure, and suggest future observations which
would permit more precise analyses.

a. Atmospheric composition and cloud structure

Our approach was to start with the simplest
models and modify these only as they proved
inadequate to duplicate the key characteristics in the
Jovian spectra of Woodman et al. (1979). In this
way we proceeded through a hierarchy of models
of increasing complexity, and were led to a model
with substantial detail including two well-separated
cloud regions and a haze region overlapping the
upper cloud. This model requires 10 parameters, 6
to describe the two clouds and 4 to describe the
haze region, and these parameters may differ be-
tween belt and zone regions. This is the minimum
complexity required to describe the vertical struc-
ture of the portion of the atmosphere of Jupiter
probed by the 3000-10 000 A spectra, which is
roughly the 100 mb~S5 bar region. The fact that the
model became more complex with each additional
observation analyzed suggests that the actual situa-
tion is probably even more complicated than the
10-parameter model. :

Nevertheless, we were able to obtain a number of
guantitative conclusions which should survive even
after new observations define a more detailed
atmospheric structure. The main conclusions are
summarized here.

1) CH, ABUNDANCE

The CH, abundance is (1.8 + 0.4) x 10~% for
[CH,V/[H,]. The error limit accounts for uncertain-
ties in the cloud and haze structure. There is also
possible systematic error, since there is a dis-
crepancy in the laboratory and theoretical H, 4-0
line strengths. We employed the smaller (Jaboratory)
value; any increase will require a proportionate
increase in the CH, abundance (Section 8).
Based on current estimates of the solar composi-
tion (Table 1) the above methane abundance is
n = 2.0 = 0.4 times greater than the carbon abun-
dance in the atmosphere of the sun. Barring a
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large error in current knowledge of solar composi-
tion, carbon is definitely more abundant on Jupiter
than on the sun.

Previous determinations of CH, abundances from
measurements of spectra of reflected solar radia-
tion range from less than n = 1 to n = 5-10 [cf.
review by Wallace and Hunten (1978)]. However,
the Jovian equivalent widths are accurately known,
and we have shown that with appropriate scatter-
ing models the uncertainty in the CH, abundance
is small. Our conclusion that [CH,V/{H,] = (1.8
+ 0.4) x 1072 is in reasonable agreement with the
values reported by Smith and Greene (1978) based
on photometry of satellite eclipses (1.3 = 0.7)
x 1073 and by Orton (1975) based on thermal
infrared measurements (2.0 x 107%).

2) NH; ABUNDANCE

The NH, abundance is (2.8 = 1.0) x 10™* for
[NH.V/[H:]. The NH; abundance is subject to the
same possible systematic error as the CH, abun-
dance, due to the uncertainty in the H, 4-0 line
strength; if the laboratory value for that line strength
is too small [NH;] will have to be increased
proportionately. Based on current estimates of the
solar composition, the above ammonia abundance is
1.5 = 0.5 times greater than the nitrogen abundance
in the atmosphere of the sun and the nitrogen over-
abundance on Jupiter may be as great as that for
carbon. The indicated NH; abundance refers to the
region beneath the level of possible ammonia
condensation but above 3-S5 bars; if NH; is de-
pleted in this region by solution in H,O clouds,
the NH; abundance at greater depths is even larger.

Previous determinations of NH, abundance from
measurements of spectra of reflected solar radia-
tion cover a large range with most values signifi-
cantly smaller than we have obtained (Sarangi
and Margolis, 1978; Combes and Encrenaz,
1979). This reflects the fact that most NH; bands
sample altitudes where NH; is depleted by conden-
sation and/or photolysis. The bands in the 5000~
6500 A region are capable of yielding an accurate
value for the NH, abundance beneath the ammonia
clouds; previous discrepancies between abundances
from the 5510 and 6450 A NH;, bands are primarily
a result of overlap with CH, absorption which
caused an underestimate of the true NH; equiva-
lent width at 6450 A (Section 6). Our conclusion
that [NH;}/[H,] = (2.8 £ 1.0) X 10~* between 0.7
and 3 bars is consistent with the rough estimate 2
x 10~* from microwave observations (Klein and
Gulkis, 1978).

3) CLOUDS AND AEROSOLS

The basic cloud structure revealed by our analysis
has two cloudy layers separated by a relatively
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transparent region. The upper cloud layer occurs at
a pressure level of several hundred millibars and
the lower cloud top at 3-5 bars. Because the NH;,
abundance and Clausius/Clapeyron relation suggest
NH; condensation in the region of the upper cloud,
we assume that cloud is ammonia. The effective
optical thickness of the upper cloud is ~10; be-
cause of possible horizontal inhomogeneities this is a
lower limit for the mean optical thickness. The corre-
sponding lower limit on the mass of condensed
cloud material per unit area is M = 10 pr where p
is the density of the cloud material and r the mean
particle radius. The lower cloud is at an appropriate
level to be H,0, which may include ammonia in
solution. We cannot definitely exclude the existence
of NH,SH or other clouds in the region between
these two cloud layers, but such clouds must be
sufficiently transparent to permit solar radiation in
weak bands and the continuum to *‘see’’ to 35 bars.
‘There is also a more diffuse distribution of aero-
sols above the ammonia cloud region. These aero-
sols are basically scatterers (@ = 1) of diameter
=1 um. Their decreasing affect on the Jovian albedo
with increasing wavelength is due to an increasing
@ rather than a decreasing 7. They are therefore
very different from the concept of Axel (1972) dust
(size <€\, @ = 0). We do not attempt to identify the
composition of these aerosols, but the deduction
about their size permits us to specify the wave-
length-dependence of their absorption coefficient.
Absorption of solar radiation in the 3000—5000 A
region occurs in both the upper cloud region and
the haze region above it. Thus there must be some
constituent other than pure ammonia in the upper
cloud region; this could be the same absorbing
material as in the haze region. The ‘‘haze’’ and
ammonia ‘‘cloud”” regions are thus distinguished
mainly by their optical densities; the haze region
may . include thin ‘‘cirrus’” clouds and thicker
localized clouds, and the denser cloud region must
include an absorbing material in addition to ammonia.
We also obtain inferences about differences be-
“tween the vertical cloud and aerosol structures of
the NEB and NTrZ. These conclusions are based
on second-order quantities, the ratio of belt and
zone spectra, and they also require use of the
center-to-limb variations in the spectra. The analysis
may thus be influenced by factors such as horizontal
inhomogeneities and variations in particle phase
function, which cannot be determined from a single
type of data at a single phase angle. Thus these
inferences are not on as firm ground as those de-
scribed above, and they should be reexamined with
future data such as that described below. The basic
conclusions from the ratio spectra are 1) the bulk of
the above-cloud haze distribution is higher in the
NTrZ than in the NEB, and 2) the main cloud tops
are higher in the NEB than in the NTrZ. Since the
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distinction between the haze region (defined as 150
< P =< 400 mb) and the ammonia cloud region (de-
fined as 400 < P =< 700 mb) is somewhat arbitrary,
it is more rigorous to state this as: the optical thick-
ness of particulates above a given pressure level
7(P) is greater in the zone than in the belt for the
upper part of the haze region, but 7(P) is greater
in the belt than in the zone for the upper part of the
cloud region. '

At face value the vertical structure of clouds and
aerosols which we obtain is much different than
most previous models. We believe, however, that
our results are consistent with existing observa-
tional data. Our finding that there must be clouds in
the ammonia cloud region (~400-700 mb) over
both belts and zones differs from Terrile et al. (1978)
and Orton and Ingersoll (1976) who suggest that
there are no clouds in this layer over the belts; how-
ever, the data they employ are not definitive for
this pressure range. The relative brightness of the
zones perhaps suggests the absence of ammonia
clouds over the belts, but the difference in refiec-
tivity between belt and zone is only about 10% and
this actually implies only modest differences in the
transparency of the ammonia cloud region.

The relative transparency of the atmosphere
which we find for the region 1-3 bars is in conflict
with the presence of a massive NH,SH cloud pre-
dicted on the basis of thermochemical equilibrium
(Lewis and Weidenschilling, 1973), but not with any
observational data of which we are aware. Our
analysis only indicates that the 1-3 bar region is
sufficiently transparent to permit penetration of a
substantial amount of visible radiation to a lower
cloud deck at 3-5 bars; thus there may be a sig-
nificant amount of cloud material within the 1-3 bar
region, which could contribute, for example, to the
coloring of Jupiter. The cloud temperatures of
<190, ~230 and ~300 K obtained by Terrile et al.
(1978) are in good agreement with our model; the
remote sensing technique we employ is not capable
of resolving multiple cloud layers in the 3-6 bar
region.

The indication we find for the top of the dense
upper cloud deck extending to higher levels over
the NEB than over the NTrZ should be reana-
lyzed with more appropriate data as described
below. However, existing data do not seem to con-
tradict this possibility. Polarization measurements
have been interpreted in terms of higher cloud tops
over the zones (Coffeen, 1974), but this data. only
indicates that the highest aerosols (7 < %%) are dis-
tributed higher over the zones than over the belts.
Thus the polarization data are actually in good agree-
ment with the aerosol distribution which we find
for the region 150-400 mb. Thermal infrared
measurements indicate higher effective temperature
for the belts than for the zones (Ingersoll ez al., 1976),
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but the difference is small and it is difficult to
interpret this data in terms of cloud heights.

b. Implications for planetary formation and atmos-
pheric dynamics

1) PLANETARY FORMATION

The molecular escape time from the major planets
is much longer than the age of the universe even
for hydrogen, so deviations of the present composi-
tion of these planets from solar composition are
probably indicative of processes that occurred dur-
ing planetary formation. Current models for the
formation of the planets start with a gaseous nebula
from which the sun may also have formed. Empiri-
cal information on the composition of the planetsas a
function of heliocentric distance can provide a
crucial test of theories for how this nebula con-
densed to form the planets. In such considerations
it is useful to group the important substances into
three classes: permanent ‘‘gases’’ (primarily H,
and He), ‘“‘ices’’ (primarily CH,, NH; and H,0) and
“‘rocks’” (containing particularly Si, Fe and Mg).
Based on the elemental composition of the solar
atmosphere the mass percentages of these three
groups are gases: ~98%; ices: ~1.4%; rocks:
~0.4%. Cameron (1973) has argued that the relative
composition among the gases is fixed in the solar
proportions, due to the absence of any known
mechanism for bringing about separation. Relative
proportions among the rocks, because of their
nonvolatility, are also likely to be fixed at the solar
values. Relative proportions among the ices and be-
tween the ices and rocks may vary depending on
the temperatures in the solar nebula during ac-
cretion.

Our results indicate that CH, is enriched in the
envelope of Jupiter, with an abundance n(CH,) ~ 2
times larger than its solar abundance. Since NH,
and H,0 are less volatile than CH,, one would ex-
pect their abundances relative to the solar values to
be at least as great. Our conclusion that n(NH;)
~ 1.5+ 0.5 for P ~ 1-4 bars is consistent with
n(NH;) ~ 2 through the bulk of the envelope.

We infer from the CH, and NH, abundances that
all of the ices and rocks exceed their solar abundance
by at least a factor of 2, since it is very unlikely
that Jupiter would have been assembled with a
smaller efficiency for the less volatile material. This
is consistent with current models for the interior of
Jupiter which indicate a need for an overabundance
of heavy elements relative to hydrogen and helium.
The models of Stevenson and Salpeter (1976) involve
~10 Earth masses of heavy elements (n ~ 2~3),
while those of Podolak and Cameron (1974) have
about 50 Earth masses of heavy material.

Based on the weak methane band and hydrogen
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absorptions for the other major planets (Owen,
1976), we estimate »(CH,) ~ 2 for Saturn and
n(CH,) ~ 10-20 for Uranus and Neptune. This
should represent a lower limit on the amount of
heavy elements on these planets. A lower limit on
the mass of the protoplanetary nebula can be ob-
tained by multiplying the mass of each major planet
by n(CH,) and the mass of the terrestrial planets
by 250, corresponding to the loss of all gases and
ices. The resulting minimum mass for the primitive
solar nebula is thus ~1500 Earth masses or ~0.5%
of the solar mass.

These CH, and NH; abundances $eem consistent
with the following general concept for planetary
formation by condensation and accretion of the
planets from a cooling protoplanetary cloud of
solar composition. Condensation and accumulation
of rocky material and ices occurred with cooling
of the cloud. The permanent gases, H, and He, were
partially lost by the planetary system, either to the
sun or removed outward by the solar wind. Jupiter
and Saturn had sufficient mass to capture sub-
stantial amounts of the gases, with Uranus and
Neptune able to capture smaller amounts.

The information on CH, and NH; abundances in
the atmosphere of Jupiter could be interpreted very
differently. For example, it is possible that the in-
terior of the planet is less enriched in heavy ele-
ments than the atmosphere is; study of planetary
formation is coupled with analysis of planetary
interiors. More accurate and complete informa-
tion on spectroscopic abundances for several
planets would provide a useful constraint for models
of planetary formation and planetary interiors.

Finally, we note that the apparent absence of the
very thick NH,SH clouds predicted for thermo-
chemical equilibrium and solar composition could
possibly be related to the process of planetary
formation. For example, if S were bound up in FeS
at the time of rock accretion at Jupiter, much of it
may remain buried in the planetary core. This
hypothesis seems conceivable since it appears to
have been the case in the asteroid belt, as indicated
by the composition of meteorites (Larimer, 1973),
and would be consistent with the inability to ob-
serve H,S spectroscopically (Prinn and Owen, 1976).
However, J. Lewis and G. Sill (private communica-
tion) have pointed out that in such a case one
would also expect P to be locked in the core, yet it
is generously present in the atmosphere. The com-
plete absence of NH,SH clouds would pose another
difficulty, since they are an attractive candidate for
providing much of the coloring of Jupiter (Lewis,
1969; Lewis and Prinn, 1970; Prinn and Owen, 1976).
Perhaps the most likely case is that some NH,SH
clouds are present, but they are sufficiently trans-
parent to permit penetration of solar radiation of
3 ~ 5 bars. Resolution of these questions may
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FiG. 25. A schematic indication of the optical depth 7(P) of
aerosol and cloud particles above pressure level P. The designa-
tion of the interval between 700 mb and 400-500 mb as cloud
region and the higher level as the above-cloud haze region
is based on the substantially greater optical depth in the lower
region, however the nomenclature for the two regions may
be somewhat misleading as explained in the text. The mean
meridional circulation sketched on the right is one conceivable
dynamical explanation for the complicated variation with height
of the relative optical depths in the NEB and NTrZ.

not be possible until the probe/orbiter space-
craft mission planned for 1985.

2) ATMOSPHERIC DYNAMICS

Accurate information on cloud properties and
atmospheric composition shouid be useful in a num-
ber of ways for helping to analyze the dynamical
state of the Jovian atmosphere. We focus here on
the distribution of aerosol and cloud optical depth
as a function of pressure, i.e., 7(P), and the vertical
distribution of solar heating of the atmosphere.

A sketch of the 7(P) inferred in Section 7 for the
NTrZ and NEB is included in Fig. 25. Throughout
most of the upper haze region the optical thickness
T above pressure P is greater in the zone than in
the belt, and the total optical thickness for the
haze and cloud regions is greater for the zone than
for the belt. But our interpretation of.the ratio
spectra of Woodman et al. (1979) suggests that
there is a range of intermediate pressures, which
we estimate as ~400-500 mb, for which the column
optical depth is greater above the belt than above the
zone. We describe this characteristic of 7(P) as
indicating a higher cloud top in the belt, since the
much larger optical thickness of the 400-700 mb
region implies that it is the main cloud region. How-
ever, the distinction between the haze and cloud re-
gions is somewhat arbitrary; for example, we showed
that the material absorbing in the ultraviolet occurs
in both haze and cloud regions (in both the NEB
and NTrZ) and some ammonia clouds probably
occur in the haze region as well as in the cloud
region.

The usual dynamical interpretation has the
zones as regions of rising motions and enhanced
cloudiness [cf. review by Stone (1976)]. This is
suggested by the observed zonal winds and the as-
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-sumption that théy are in geostrophic balance. If

the 7(P) we have inferred from the ratio spectra of
Woodman et al. (1979) is correct, it suggests that
either the dynamical situation or the cloud physics
is more complex than in this simple picture.

One conceivable dynamical explanation for the
optical depth profiles is sketched on the right side
of Fig. 25. This model would have rising mo-

" tions in the belt in the main cloud region. with sink-

ing motion in the zone, but a reverse circulation
above this with rising motion in the zone and sinking
motion in the belt. In order for this picture to be
consistent with observed zonal winds, the cloud
features used for measuring the winds would need
to be located in the upper cell (or tied to columnar
features which penetrate through the 400-700 mb
layer but are rooted below it). Features should be
observable in both the upper haze and main cloud
regions, so images. with sufficient resolution should
be useful for investigating the possibility of a double-
cell circulation.

The absorption of solar energy in the blue and
ultraviolet occurs in both the main cloud region
and in the haze region above. In the visible and
red most of the solar heating occurs within or
below the main cloud region. The excess heating
of the belts, because of their lower albedo, ,ap-
parently must peak within or below the main cloud
layer. This also could be interpreted as support for a
double-cell circulation between belts and zones,
with the excess heating in the belts contributing to
driving a thermally direct circulation in (or just
below) the main cloud region. Such a direct cell
could contribute to bringing up colored material
in the belts from deeper regions, while the cell in
the opposite sense above could produce ammonia
“‘cirrus’’ preferentially in the zones. The uncertain-
ties in the profiles for both the excess heating and
7(P) would permit the lower cell to be at a some-
what greater pressure than indicated in Fig. 25.

Alternative explanations for the unusual 7(P) pro-
file could be provided by considering the cloud and
aerosol physics, but the current information for
Jupiter seems too meager to warrant further specula-
tion. It is not even known whether the UV-absorb-
ing aerosols are stirred up from the deeper atmos-
phere, originate as photochemical products or
have some other source.

The information that we have obtained about the
atmospheric structure on Jupiter suggests that both
the dynamics and cloud and aerosol physics may
be very complex. There is also the implication that
it will be difficult to decouple studies of dynamics
from cloud and aerosol physics.

c. Future observations

The observations of Woodman et al. (1979) are of
excellent quality for quantitative analysis. Some
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improvements would be possible with better knowl-
edge of viewing locations near the limb. Simul-
taneous measurements of H, equivalent widths are
desirable. The single largest source of, uncertainty
in our analysis stems from the disparity in theoreti-
cal and laboratory values for the hydrogen quadru-
pole line strength (Section 8).

The best prospect for obtaining improved knowl-
edge of the atmospheric structure with ground-
based observations would involve a coordinated
study over a broader spectral range. The 5§ um
region and longer infrared wavelengths, if measured
simultaneously with the 0.3—1 wm interval, would
permit correlation of the pressure and temperature
levels of cloud layers and study of particle size
and composition from the spectral variation of
optical thickness.

Two Voyager spacecraft currently approaching
Jupiter for flyby reconnaissance include high-resolu-
tion imaging, infrared interferometry and ultraviolet
photometry and polarimetry. These measurements
will provide extensive information on the atmos-
phere, particularly the small-scale dynamics.
Resolution at closest approach (~5 km) should
permit measurement of some vertical structure,
although this may be restricted to levels which we
describe as the region of haze or thin ‘‘cirrus’’
clouds (=500 mb).

A more comprehensive analysis of the atmospheric
structure and dynamics may be obtained with a
combination of atmospheric probe and orbiter as
planned by NASA for the 1982 launch of the Galileo
mission to arrive at Jupiter in 1985. The probe
will permit in situ sampling of atmospheric gaseous
composition and cloud layers between ~100 mb and
~10 bars. The orbiter, with television camera and
other remote sensing instrumentation, will per-
form observations supportive of and complementary
to the probe measurements. One instrument (photo-
polarimeter/radiometer) on the orbiter will obtain
photometric data such as we analyzed in this paper,
but from a range of phase angles; since this instru-
ment will also measure the radiation budget,
atmospheric temperature profiles and polarization
of scattered sunlight, it should be possible to analyze
cloud and dynamical processes in detail.
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